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PROLOGO

El principal objetivo del presente trabajo fue establecer las caracteristicas y los
mecanismos de dafto neuronal inducido por la exposicién de neuronas en cultivo al
colorante catiénico rojo de rutenio (RR). En la Introduccién se describe la
importancia de la muerte neuronal y los procesos que conducen a la degeneracién
celular, especialmente por muerte celular programada en el nemétodo C. elegans y
por necrosis debida a excitotoxicidad. Asimismo. se describen los efectne del RR
sobre sistemas biolégicos, con especial énfasis en las acciones de este compuesto
sobre el sistema nervioso {primer articulo de esta tesis). En la parte experimental se
incluyen cuatro trabajos, dos publicados, uno sometido y otro en preparacién. Para
hacer referencia a ellos, decidi numerarlos (ver indice). El lector debera consultar los
trabajos que conforman la seccién de Resultados para conocer la metodologia, los
hallazgos y la discusi6n de cada articulo. Para evitar ser repetitivo, en la Discusion
general se trata de integrar todos los resultados y se proponen algunos sitios donde
el RR podria actuar para producir la neurodegeneracién. A lo largo de la tesis se
usan abreviaturas, las cuales se definen en la pégina iii y, en general, también la

primera vez que son mencionadas en el texto.
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RESUMEN

El colorante inorgénico rojo de rutenio (RR) es un compuesto cargado
positivamente que es capaz de disminuir la entrada de calcio (Ca2+) en diversas
preparaciones biolégicas. E1 RR produce hiperexcitacién y muerte neuronal al ser
inyectado en distintas regiones cerebrales. En esta tesis se describen los efectos del RR
sobre la supervivencia de neuronas y células gliales en cultivos primarios. El RR
produjo muerte celular dependiente de la concentracién (20-100 pM), en
incubaciones de 8-24 horas en los cultivos neuronales, caracterizada por la
desaparicion de neuritas debida a la fragmentacién de las mismas, dafio de los somas
neuronales, pérdida de la inmunorreactividad a una proteina que forma parte dei

citoesqueleto (a-tubulina} y unién del colorante al niicleo de las células afectadas.
Encontramos que las neuronas corticales y granulares del cerebelo son igualmente
susceptibles al RR, aunque en ambos tipos celulares siempre se observé una
propuiLion de celulas resistentes a id acCion [oXica del colorante. kn contraste, 1os
astrocitos cerebelosos en cultivo no fueron dafiados por el RR. Esta toxicidad
selectiva también se ha observado in vive, en donde el RR dafié a las neurcnas pero
no a la glia presente en la zona inyectada. En cultivo, la entrada del colorante a los
somas neuronales es un fenémeno que se observa aun cuando no se ha producido
deterioro notable en la morfologia. La hip6tesis de que el RR se introduce a las
neuronas previo a causar dafio se ve apoyada por las siguientes observaciones: 1) los
astrocitos en cultivo no internalizan el RR ni se mueren al estar en contacto con el
colorante; 2) al prevenir la entrada del colorante a las neurcnas con el
trisialogangliésido GT1b, la neurodegeneracién se previno parcialmente. Como
posibles mecanismos para explicar la neurotoxicidad del RR, observamos que el
colorante ocasiona distintas alteraciones en las neuronas corticales en cuitivo, como
son las alteraciones de la homeostasis del Ca2+ y una disminucién de la actividad de
la cadena de transporte de electrones, tanto en células como en mitocondrias
aisladas de cerebro. No pudo establecerse una relacién directa entre la accion
inhibitoria del RR sobre canales de Ca?+, ni de la participacion de los receptores a
glutamato, con la neurotoxicidad. La entrada del RR a las neuronas se estudi6 al
expresar el RNA mensajero (mRNA) extraido de neuronas cultivadas en ovocitos
de Xenopus, y exponer estas células a RR, ya sea en el medio o inyectindolo
directamente dentro de los ovocitos. La inyeccién de] mRNA neuronal en los
ovocitos ocasiond la expresién de nuevas corrientes y un potencial de membrana
més hiperpolarizado comparado con las células control. La exposicién de los
ovocitos a RR en el medio provoct una despolarizacién del potencial de membrana
en ovocitos control e inyectados con mRNA, aunque en el Gltimo caso el cambio fue
de mayor magnitud. Al introducir el colorante a los ovocitos mediante inyeccién,
las células control no fueron afectadas por el colorante y las que expresaron el
mRNA mostraron dafio en aproximadamente un tercio de las células. Estos
resultados sugieren que la entrada del RR a las neuronas no estd mediada por
protefnas, aunque una vez dentro de las células que expresan proteinas neuronales,
el RR afecta de manera importante la supervivencia celular.

-



ABSTRACT

The inorganic dye ruthenium red (RR) is a highly charged positive
compound able to block calcium (Ca2+) entry on several biological systems. RR
induces both hyperexcitation and neuronal death when administered into different
brain regions. In this thesis, RR effects on cell survival in primary cultured
neuronal and glial cells are described. RR caused a concentration-dependent
(between 20 and 100 pM) neurodegeneration after 8-24 hours exposures to the dye.
The neuronal death was characterized by fragmentation and loss of neurites, somata
damage, remarkable diminution of the immunoreactivity to a cytoskeleton protein

(a-tubulin) and RR binding to the nucleus of affected cells. Cortical and cerebellar
granule neurons are equally sensitive to the damaging action of the dye. It is worth
noting that in both cellular types, there is a proportion of neurons that is not
affected by RR. In contrast, cerebellar astrocytes in culture are not damaged by RR.
This selective toxicity is similar to that found in vivo, since RR damaged neurons
but not astrocytes in the injected regions. In cultures, RR internalization to the
somata of neurons is a phenomenon observed when no obvious alterations on
morphology are seen. The hypothesis that RR entry to neurons is a determinant
step in neurodegeneration is supported by the following observations: 1) cultured
astrocytes do not internalize RR and are not affected by the dye. 2) when RR uptake
by neurons is prevented by trisialoganglioside GT1b, the RR-induced neuronal
death is diminished. The mechanisms through which RR might cause
neurodegeneration are alterations of Ca2+ homeostasis, inhibition of electron chain
function in cultured neurons and brain isolated mitochondrion. No direct
correlation between the blocking action of RR on Ca2+ channels, or the activation of
glutamate receptors, and neurotoxicity was observed. RR penetration to neurons
was studied by injecting mRNA extracted from cultured neurons to Xenopus
oocytes, and exposing those cells to RR extracellularly, or intracellularly by injection
of the dye. Introduction of neuronal mRNA to oocytes caused the expression of
novel currents and a more hyperpolarized membrane potential as compared with
control cells. RR in the tmedium caused a depolarization of membrane potential in
control and mRNA-injected oocytes, but in the latter case, the change was greater.
When the dye was introduced to the oocytes, the control cells were not affected. In
contrast, mRNA-expressing cells showed severe damage in about one third of the
oocytes. Those results suggest that RR uptake by neurons is not mediated by a
protein. However, once inside neuronal protein-expressing cells, RR is capable to
induce severe cell damage.



INTRODUCCION
L. Muerte neuronal

La muerte de las neuronas es un fenémeno que se ha observado en asociacion
con la formacién del Sistema Nervioso (SN), ;lgunas patologias y el
envejecimiento. En el caso del crecimiento, se ha descrito una muerte importante de
neuronas (en algunos casos 50% o més de las células desaparecen) durante el
correcto establecimiento de la morfologia y de los circuitos neuronales. Es asi que se
ha propuesto que Ia muerte neuronal en el desarrollo del SN sirve para el ajuste del
namero de células presentes o para eliminar contactos incorrectos. El mecanismo
més aceptado para explicar la muerte de neuronas en el desarrollo es que muchas
células mueren al no recibir factores tréficos suplementados por las células blanco
(Oppenheim, 1991; Johnson y Deckwerth, 1993; Voyvedic, 1996). A pesar de que la
teorfa neurotréfica es apoyada por muchos datos (ver Pittman y cols., 1994),
recientemente se ha observado que también la actividad aferente, factores tréficos
producidos por las células gliales y la matriz extracelular son factores que pueden
contribuir a la supervivencia de algunas neuronas (Oppenheim, 1991).

Sin embargo, independientemente de los mecanismos de muerte neuronal
durante el desarrollo del SN, vale la pena mencionar que existe una diferencia
radical entre ésta y la que se ha observado en ciertas enfermedades o el
envejecimiento: la primera, a pesar de eliminar tantas neuronas, en apariencia tiene
consecuencias positivas y no negativas (0 por lo menos no hemos sido capaces de

detectar lo contrario), mientras que la neurodegeneracién en organistnos adultos



cast siempre tiene un impacto negativo sobre el funcionamiento del SN (Calne y
cols., 1992). Existen muchos ejemplos de enfermedades neurodegenerativas agudas o
crénicas, en las que la muerte neuronal parece ser la responsable de los déficits en
funciones especificas, como la Corea de Huntington, la enfermedad de Alzheimer, el
mal de Parkinson, la esclerosis lateral amiotrofica, la isquemia, la epilepsia, la
demencia asociada al SIDA, etc. (Choi, 1988; Lipton y Rosenberg, 1994). Es por esta
asociaci6n entre disfuncién y neurodegeneraci6n en adultos que en los tltimos afios
muchos investigadores han tratado de establecer cudles son los caminos que llevan a
una neurona a la muerte y si es posible evitar que ésto ocurra. El disefio de
estrategias para evitar la muerte neuronal tiene una gran importancia, si se recuerda
gue las neuronas son células que han salido del ciclo celular y no pueden dividirse
después de cierta etapa del desarrollo y que el funcionamiento del SN requiere del
correcto establecimiento de redes celulares, constituidas de neuronas que deben estar
en el lugar y tiempo correctos (Oppenheim, 1991). También resulta claro que el
comprender mejor los mecanismos que conducen a la neurodegeneracién,
permitir4 diseflar mejores formas de prevenir la muerte neuronal en el organismo
adulto.
Li. Tipos de muerte celular

El fenémeno de la muerte de una célula ha sido estudiado durante las
dltimas décadas, primero usando metodologias puramente descriptivas y
posteriormente con disciplinas més dinimicas, especialmente la Bioquimica y la

Biologfa Molecular. Es en el 4rea de la Biologfa del Desarrollo donde se han



realizado un gran nGmero de experimentos qQue arrojan resultados claros acerca de
la muerte celular. Desafortunadamente, todavia nadie puede entender por qué
algunas células mueren y otras sobreviven durante la formacién de un organismo,
pero se han sugerido posibilidades para explicar la muerte de ciertas poblaciones
celulares, entre las que se encuentran las siguientes: 1) células que no tienen una
funcién especifica, y que parecieran vestigios evolutivos. 2) Células
supernumerarias durante la formacién de un 6rgano particular. 3) Células que
tienen funciones iguales a otras. 4) Células que no se desarrollaron adecuadamente.
5) Células que han cumplido su funcién en la vida de un organismo y ya no son
necesarias. 6) Células que serfan potencialmente daflinas para el organismo (Ellis y
cols., 1991).

En 1972, Kerr y cols. describieron las caracteristicas morfolégicas de varios
tejidos que evidenciaban muerte celular, ya sea como resultado de la formacién
normal del organismo, o en algunas situaciones patolégicas. Ellos empezaron a
utilizar los términos necrosis y apoptosis (término griego que significa “caida de
pétalos”) para agrupar un conjunto de rasgos distintivos de una u otra condicién. Cabe
mencionar que actualmente apoptosis se usa como sinénimo de muerte celular
programada (o muerte dirigida por genes), a pesar de que no son términos
estrictamente equivalentes (Ellis y cols., 1991; Schwartz y cols., 1993; Martin y cols.,
1994). No obstante que la apoptosis se refiere a un conjunto de rasgos morfolégicos y
bioquimicos, y que la muerte programada es el proceso que se inicia como respuesta a

distintos estimulos, estos términos se han vuelto intercambiables debido a que



muchas de las células que mueren durante el desarrollo (es decir, mueren de acuerdo

a un programa establecido), presentan caracteristicas apoptoticas; en esta tesis se

usarin ambos términos como sinénimos. Las observaciones asociadas a los tipos de

muerte descritos por Kerr y cols., junto con otras que se han descrito més

recientemente, se enumeran en la tabla 1.

Tabla 1. Caracteristicas de apoptosis y necrosis*

Apoptosis
sMembrana celular y organelos integros
eCuerpos apopt6ticos
+Pérdida det volumen celular
sCondensacién de la cromatina
*No se afectan células vecinas
*Ruptura del DNA en fragmentos
de 50-300 kb y después en multiptos
de 180 pb (escalera en geles)

*Proceso “active” (muchas veces
requiere sintesis de proteinas)

eRequiere energia
*Exposicién de la fosfatidilserina a la
cara extracelular de la membrana

plasmaética

sLiberacién temprana de citocromo ¢
de la mitocondria

Necrosis
eMembrana celular y organelos dafiados
*Membrana plasmética sin extrusiones
sHinchamiento
sFragmentacién nuclear inespecifica
*Daio en células contiguas
eDegracién del DNA en fragmentos
que no presentan un patrén particular

*Proceso “pasivo”

*Puede ocurrir sin energia

sExposicion de la fosfatidilserina a la
cara extracelular de la membrana, pero
acompafiada de dafic membranal

“Esta tabla se elaboré usando informacién de las siguientes referencias: Kerr y
cols., 1972; Ellis y cols., 1991; Oppenheim, 1991; Johnson y Deckwerth, 1993; Schwartz
y cols., 1993; Martin y cols., 1994; Kluck y cols., 1997; Yang y cols., 1997,

6



Como se mencioné anteriormente, esta clasificacién trat6 de establecer
diferencias entre un tipo de muerte y otro, sin embargo, muchas veces resulta dificil,
al observar un fenémeno, que éste llene todos los requerimientos para caer en uha u
otra categorfa (Choi, 1996; Gwag y cols., 1997), y a veces un estimulo téxico puede
ocasionar apoptosis o necrosis, dependiendo de su severidad (Bonfoco y cols., 1995).
Ademas, se han propuesto otras clasificaciones para los diferentes tipos de muerte
celular (ver Oppenheim, 1991).

Actualmente, en general se acepta que todas las células poseen la maquinaria
que eventualmente podria llevarlas a la muerte, la cual depende de un programa
interno en la propia célula, aunque el medio extracelular puede ser el responsable de
iniciar una de las varias cascadas de sefiales que convergen en la degeneracion
celular (Sieller, 1995).

A continuacién se detallaran algunos de los mecanismos involucrados en la
muerte celular en dos modelos, que se aceptan como pertenecientes a apoptosis (o
més correctamente muerte celular programada) y necrosis. En el primer caso, se
describe el estado del conocimiento actual sobre los genes involucrados en la muerte
celular observada durante el desarrolio del nematodo Caenorhabditis elegans, sobre
sus genes anilogos en mamiferos, sobre otros genes deDrosophila melanogaster y de
algunos virus que tienen influencia sobre esta ruta de suicidio. En el caso de la
muerte necrética, se describirin experimentos que han permitido establecer los
mecanismos de la muerte neuronal producida por el glutamato (Glu) o sus

analogos, particularmente en cultivos primarios.



Lii. Muerte celular programada
Genes_que promueven la apoplosis

La muerte celular que ocurre durante el desarrollo ha podido estudiarse en
detalle en el neméatodo C. elegans, debido a que es un organismo formado por pocas
células, lo cual ha permitido observar la degeneracién cetular i1 vive y conocer muy
bien a qué tiempo y cudles células van a morir. De las 1090 células que se generan en
un animal durante su desarrollo, 131 estan destinadas a morir (105 de esas 131 son
neuronas). En el estudio del proceso de eliminacién de estas células, se han
encontrado mutaciones espontineas que han permitido establecer la participacién
de algunos genes en la supervivencia o muerte (Ellis y cols., 1991; Driscoll and
Chalfie, 1992; Hengartner y Horvitz, 1994b; Steller, 1995). De esta manera, ha sido
posible identificar genes que se requieren para la muerte celular, entre los que se
encuentran ced-3 y ced-4, puesto que mutantes que no poseen alguno de estos genes
practicamente no presentan muerte celular, dando lugar a organismos méis grandes
que los normales. Estos genes deben expresarse para que una célula degenere, puesto
que en mosaicos genéticos, s6lo las células que poseen ced-3 funcional mueren. Es
importante mencionar que en estos mutantes, las células que deberfan morir son
capaces de diferenciarse, y en general el organismo no tiene alteraciones a pesar de
tener un mayor nimero de células.

M4s recientemente, se ha podido establecer homologia entre CED-3 (la
protefna codificada por ced-3) y una familia de cisteina-proteasas que hidrolizan

proteinas al encontrar aspartato (otra proteasa capaz de cortar después de aspartato es



la granzima B, la cual es la responsable de la apoptosis inducida por linfocitos T
citotéxicos). Estas proteasas de mamiferos, conocidas como caspasas, incluyen a la
enzima convertidora de interleucinallB (ICE por sus iniciales en inglés, caspasa 1),
NEDD2, ICH1, ICH2 y CPP32 (caspasa 3) y se han agrupado en una familia que
comparte en su sitio activo la secuencia de 5 aa glutamina-alanina-cistefna-
arginina(glutamina)-glicina. Los sustratos hidrolizados por la accién de estas
nrateasas v mue nodrian participar en el proceso de muerte, se cuentan: a) las propias
caspasas, las cuales requieren de protedlisis para activarse; b) la polimerasa de poli-
ADP-ribosa (PARP), que es una enzima que repara al DNA; c} la actina, sobre la que
se ha hipotetizado que una vez fragmentada, es incapaz de unirse y asf inactivar a la
DNAsa I; d) GAS2, espectrina y fodrina, protefnas que forman parte del
citoesqueleto; e) l4mina nuclear B1, que podria contribuir a la condensacién de la
cromatina (Schwartz y Milligan, 1996). Por otra parte, la proteina CED-4 tiene un
peso molecular de 63 kDa y no se ha podido establecer homologfa con ninguna otra
protefna, por lo que no se conoce cuél puede ser su funcién {Yuan and Horvitz,
1992).
Genes que impiden la muerte celular

En C. elegans también se ha encontrado un gen cuya expresién impide la
muerte: el ced-9 (Ellis y cols., 1991), que en apariencia regula la accién de ced-3 y ced4
(Hengartner y Horvitz, 1994b). El complejo panorama de las interacciones entre los
genes ced se complica ain més con la observaci6én reciente de que distintas formas

de ced-4 pueden promover (ced-45) o proteger (ced-4L) de la muerte celular, y ambos



efectos son antagonizados por ced-9 (Shaham y Horvitz, 1996). El gen ced-9 tiene un
homélogo en mamiferos, el proto-oncogen bel-2 (Hengartner y Horvitz, 1994a). BCL-
2 es una protefna membranal de 26 kDa que se localiza en la mitocondria, el reticulo
endopldsmico (ER) y la membrana nuclear. Este polipéptido posee una serie de 19
aminoacidos (aa) hidrofébicos que le sirven como sefial para anclarse en la
membrana por la porcién carboxilo terminal, quedando la regién amino terminal
orientada hacia el citoplasma (Merry y Korsmeyer, 1997).

El bcl-2 se cloné al encontrar el gen responsable de una gran proporcién de
ciertos linfomas en humanos, que resulta de una translocaci6bn entre los
cromosomas 14 y 18 (Davies, 1995; Merry y Korsmeyer, 1997). Dicha translocaci6n
coloca a bel-2 bajo 1a influencia de un promotor muy activo de la sintesis de la
cadena pesada de las inmunoglobulinas, lo que ocasiona una mayor expresién de
BCL-2; la neoplasia entonces, es el resultade de que los linfocitos B sobreviven mas
tiempo del normal. Asf, BCL-2 es el miembro prototipo de una familia surgida a
partir de la comparaci6n de la secuencia de distintas proteinas homélogas en los
dominios designados como BH1, BH2 y BH3. Dentro de esta numerosa y creciente
familia, hay genes que promueven la muerte celular, como bex, bel-xS, bad, bak y bik
y otros que por el contrario, protegen de la muerte como bcl-2, bel-xL y mcl-1 (Merry
y Korsmeyer, 1997).

A continuacién, describiré algunas de las caracteristicas de BCL-2, por
considerar que es una protefna muy interesante. L.a regién carboxilo terminal de esta

proteina no es esencial para su funci6n protectora, sin embargo, los dominics BH1 y
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BH2 parecen ser necesarios. Los residuos de glicina 145 en el dominio BH1 y
triptofano 188 en el BH2 son indispensables para que BCL-2 se dimerice con
miembros de su propia familia (Davies, 1995). La sobreexpresién de BCL-2, tanto in
vitro como in vivo, ha dejado en claro que esta proteina juega un‘ papel primordial
en la supervivencia celular y neuronal. No obstante, su efecto protector no es
universal, puesto que se han descrito algunos modelos en los que no es capaz de
prevenir la muerte, sugiriendo que puede haber reguladores de su funcién. Enire los
modelos en los que se ha demostrado su eficacia, se incluyen la prevencién de la
muerte inducida por la falta de factores de crecimiento, las radiaciones, condiciones
oxidantes, excitotoxicidad e isquemia (Davies, 1995; Merry y Korsmeyer, 1997). La
sobreexpresién de BCL-2 en neuronas de ratones transgénicos produjo que tales
ratones presentaran un mayor numero de neuronas en el SNC, lo que ocasiond
hipertrofia cerebral. Al someter a estos ratones a isquemia permanente, se encontré
una menor proporcién de dafio celular (Martinou y cols., 1994). En otro estudio con
ratones que sobreexpresan BCL-2, esta proteina fue capaz de retrasar la aparicién de
esclerosis lateral amiotréfica (enfermedad caracterizada por la muerte de neuronas
motoras) ocasionada por una mutacién de la enzima superéxide dismutasa y
prolongar el tiempo de vida de ratones (Kostic y cols., 1997).

En relaci6én a los mecanismos mediante los cuales BCL-2 podria proteger a las
células de la muerte, se han descrito los siguientes: disminuir los niveles de especies
oxidantes en las células (Hockenbery y cols., 1993; Kane y cols., 1993), promover la

homeostasis de calcio (Ca?+) intracelular (Prehn y cols., 1994) y/o inhibir la liberacion
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del citocromo ¢ de la mitocondria, lo cual parece ser un paso importante para
desencadenar la muerte celular programada (Kluck y cols., 1997; Yang y cols,, 1997).
En estos ultimos trabajos, queda claro que después de la liberacién del
holocitocromo ¢ de la mitocondria, hay activacién de caspasas (CPP32), degradacién
de proteinas blanco (ver figura 1}, asi como condensacién nuclear y degradacién del
DNA en escalera, tanto en sistemas libres de células como en lineas celulares.
También se establece que la despolarizacién de la mitocondria es posterior a la salida
del citocromo ¢ y que esta pérdida del potencial de membrana de la mitocondria es
contrarrestada por BCL-2. En apariencia, es la fraccién mitocondrial de BCL-2 la que
impide la liberaci6n del citocromo c. Es importante hacer hincapié en que, como en
el caso de los genes ced, las complejas interacciones entre los miembros de la famila
de bcl-2 no estin aiin claras. En los proximos afios podremos tener un panorama
més completo de lo que sucede cuando una célula se encuentra en la disyuntiva de
sobrevivir o morir.

Adicionalmente, se han descrito otros genes importantes en la muerte celular,
los cuales se enlistan en la tabla 2, junto con los descritos en el texto.

Tabla 2. Genes y proteinas involucradas en la muerte o supervivencia

Gen o proteina Origen Comentario

ced-3, ced-4 C. elegans Necesarios para la muerte celular programada

ICE, CPP32 Mamiferos Proteasas promotoras de muerte celular.
Equivalentes a CED-3

ced-9 C. elegans Regulados regativo de ced-3 y ced-4

bel-2 Mamiferos Equivalente a ced-9
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ces-1

ces-2

deg-1, mec-4

p35

crmaA

IAP

reaper

E1B19K

ps3

C. elegans

C. elegans

C. elegans

Baculovirus

Baculovirus

Baculovirus

D. melanogaster

Adenovirus

Mamiferos

Necesario para la muerte de neuronas
faringeas

Regulador negativo de ces-1 . Miembro de la
subfamilia PAR (ricas en prolina y aa 4cidos)
de factores de transcripcién bZIP

Mutaciones dominantes de estos genes
promueven muerte celular caracterizada por
hinchamiento. Esta via parece ser
independiente de ced-3 y ced-4. Todas las
mutaciones descritas carecen de una alanina
eIl 1a region que teoricamente es un domino
transmembranal. Aunque no se conoce la
funcion de estas proteinas, se ha hipotetizado
que pueden ser canales ibénicos o
transportadores membranales debido al tipo
de muerte observada

Protege de la muerte en insectos, nemétodos y
mamiferos. Inhibe miembros especificos de la
familia de las caspasas

Previene la muerte celular. Accién similar a
la de p35

Inhibidor de apoptosis

Codifica para un polipéptido de 65
aa y promueve la muerte celular
programada sin participar activamente en el
proceso. Podrfa actuar al activar la cascada de
CED-3/ICE, o bloqueando la accién de CED-
9/BCL-2

Proteina protectora contra muerte. Comparte
homologia con los dominios BH1 y BH2 de
BCL-2

Es una fosfoprotefina que se localiza en el
nicleo y que podria ser un factor de
transcripcién. Se activa por la presencia de
DNA de una hebra o dafiado. Puede hechar a
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andar el mecanismo de muerte que es
susceptible de ser blogueado por BCL-2

c-myc Mamiferos La proteina codificada por este gen es
presumiblemente un factor de transcripcién
que juega un papel dual: por un lado
estimula la proliferacién y por otro, en
algunos casos su presencia promueve la

apoptosis
Recientemente ha surgido una teorfa que trata de establecer una asociacion
entre los fendémenos de divisién celular y muerte, basada en que muchos de los
oncogenes {los cuales inducen la proliferaciéon celular} tienen una participacién
importante en el proceso de muerte (Heintz, 1993) y en la morfologia que presentan
neuronas cultivadas a las que se las ha retirado el factor de crecimiento nervioso.
Estos datos se ven apoyados por la observacién de que en ratones transgénicos que
expresan el antigeno T del virus SV40 en el cerebelo, al inducir ia proliferacién, se
observé neurodegeneracién {(Pittman y cols., 1994). Asf, la muerte celular

genéticamente dirigida podria ser resultado de un intento fallido de proliferacién de

las neuronas posmitéticas.
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Dario al DNA
crmA

p35

Mitocondria
po3

# |

Protedlisi
ICE =2 Caspasas activas

BCL-2 CitoCromQ ¢ =i CPP32 Activacién
*
BCL-2
Degradacién del Protedlisis sobre:
Apoptosis DNA. Pérdida : caspasas, PARP,
de la estructura espectrina, actina,
celular normal. fodrina, GAS2

Figura 1. Descripcion de la secuencia que lleva a la muerte celular programada y en
qué punto se cree actdan los inhibidores de este proceso. Las caspasas se
activan al sufrir proteélisis, dando como resultado dos péptidos. Estos dos

fragmentos deben dimerizarse para formar la caspasa activa. * sefiala un
bloqueo del proceso. S6lo se representan genes y protefnas relevantes para los
mamiferos. Las abreviaturas se definen en la pagina iii y la tabla 2.
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Liii. Excitotoxicidad

Como se menciond antes, existen muchas enfermedades en las que se piensa
que la muerte neuronal es la responsable de los sintomas clinicos. Recientemente, se
ha analizado el papel del Glu en la muerte neuronal asociada con algunos procesos
degenerativos agudos y cronicos.

El término excitotoxicidad trata de asociar las propiedades despolarizantes
(excitadoras) del Glu sobre neuronas, con su capacidad de inducir
neurodegeneracién. A pesar de que la observacién de que el Glu podia causar muerte
neuronal se hizo in vivo (Olney, 1969), es en sistemas in vitro dénde se han
establecido més claramente los cambios relacionados con la excitotoxicidad, por lo
que los experimentos que relataré a continuacién fueron hechos primordiaimente
en cultivos neuronales primarios. Es pertinente resaltar que en la actualidad se
piensa que muchas enfermedades del SN central (SNC) se deben a la excitotoxicidad
por Glu, y también es claro que el Glu participa en funciones normales del cerebro
como la cognicién, la memoria, el movimiento y las sensaciones. En el caso de las
patologias, se cree que la concentracién extracelular de Glu se eleva ya sea por un
aumento en la liberacién de este neurotransmisor, al disminuir su recaptura luego
de su liberacién, o bien al liberarse de células que han muerto (Choi, 1988; Lipton y
Rosenberg, 1994}

Receptores a Glu
El Glu es capaz de activar a dos grupos de receptores presentes en neuronas,

los que permiten el paso de iones hacia dentro de la célula {ionotrépicos) y los que
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estan acoplados a un sistema de segundos mensajeros (metabotrépicos). Dentro de
los receptores ionotrépicos se encuentran los receptores que reconocen al N-metil-D-
aspartato (NMDA) y los que reconocen al dcido a-amino-3-hidroxi-5-metil4-isoxazol
propiénico AMPA o al kainato (no-NMDA). A diferencia de los canales de potasio
sensibles a voltaje, que son tetrdmeros, los receptores ionotrépicos a Glu parecen
estar formados por 5 subunidades. Al activarse, los receptores NMDA permiten una
entrada lenta de Na+. K+. v Ca2+ a las célnlas Fate recantor dictribnidn amnliamonte
en el SNC, tiene varios sitios que modulan la actividad del canal (sitios para
magnesio, glicina, poliaminas, zinc). La clonacién de la subunidad 1 del receptor a
NMDA (NMDAR1, Moriyoshi y cols., 1991) permiti6 establecer que ésta es suficiente
para formar receptores funcionales con todas las caracteristicas del receptor nativo,
aunque con corrientes iénicas de menor magnitud, lo que sugiere la presencia de
subunidades accesorias in vive. Se han descrito 7 isoformas det NMDAR1 producto
de “splicing” alternativo y se predice, por su secuencia de aa, que este receptor posee
cuatro dominios transmembranales con un extremo aminc terminal extracelular
muy grande. Més adelante se describieron 4 isoformas del NMDAR?, las cuales no
forman canales funcionales por si solas, pero potencian la actividad del NMDAR1
(Nakanishi, 1992). Por su parte, los receptores AMPA /kainato permiten el paso de
sodio y son los responsables de la despolarizacién répida de las neuronas
postsindpticas. Los receptores no-NMDA son parecidos a los NMDA en sus motivos
estructurales (4 segmentos que atraviesan la membrana y una porcién extracelular

grande, correspondiente al extremo amine terminal). Al principio se pensé que estos
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receptores eran muy poco permeables al Ca2+, pero la clonacién de distintas
subunidades que se expresaron en ovocitos de Xenopus laevis, permitié establecer
que hay subunidades que permean Ca2+ (GluR1, GluR3). Sin embargo, hay una
subunidad (GluR2) que al ser coexpresada con otras tiene un efecto dominante
negativo sobre el paso de Ca2+ a través del canal (es decir, cuando GluR2 esta
presente, et Ca2+ no entra a las células al activarse el receptor; Hollman y cols., 1991).
Los cDNAs de los receptores GluR2 y GluR6 codifican polipéptidos que tienen una
arginina en el segundo dominio transmembranal (el que se piensa forma el poro
i6bnico) en el sitio donde los demas receptores no-NMDA tienen una glutamina. Sin
embargo, la secuencia genémica de GluR2 reveld que en esa posicién se deberia
encontrar una glutamina, por lo que se propuso que el mRNA de esta subunidad es
editado en su totalidad, mientras que otras subunidades son modificadas
parcialmente (GluR5 y GluR6) y otras no sufren ningin cambio (GluR1, GIuR3,
GluR4; Gasic y Heinemann, 1992).

La activacién de los receptores metabotrépicos glutamatérgicos puede
conducir a la produccién de inositol trifosfato (IP3), 0 bien a la inhibicién de la
adenilato ciclasa. Se han descrito 8 tipos de receptores metabotrépicos a Glu, los
cuales tienen los 7 dominios transmembranales caracteristicos de los receptores
acoplados a proteinas G. A pesar de que la homologia de los receptores a Glu
acoplados a segundos mensajeros con otros receptores metabotrépicos es mayor a
40%, los primeros poseen un gran extremo amino terminal caracteristico hacia fuera

de la célula. Evidentemente, la respuesta a la activacién de estos receptores por Glu
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no es tan rapida como la de los receptores ionotrépicos. El papel neurofisiolégico de
los receptores metabotrépicos se ha empezado a estudiar recientemente y en
apariencia, su activacién lleva a una reduccién en la liberacién de
neurotransmisores (Nakanishi, 1992, 1994, ver figura 2).
Degeneracién neuronal producida por Glu en cultivos primarios

Experimentos hechos por el grupo de Choi en la década pasada (Choi, 1987;
Choi v cols.. 1987). usando cultivos de corteza cerebral de rat6n han permitido
establecer inequivocamente que el Glu puede causar muerte neuronal. Los primeros
trabajos se enfocaron a describir los cambios provocados por el Glu (0.5-1 mM
durante 5 minutos) en las neurcnas cultivadas. Dichas alteraciones fueron dividas
en dos fases: una inicial en donde se observé hinchamiento debido a la entrada de
sodio y cloruro a las neuronas y una segunda fase, en donde el dafo celular era
mucho més evidente, que dependia de la entrada de Ca2+. Esta correlacin entre la
entrada de Ca2+ y la degeneracién celular fue confirmada més tarde, y se pudo
identificar un aumento inicial en el Ca2+ intracelular {[Ca2+];} debido a la accién
despolarizante del Glu. Este incremento inicial es contrarrestado por los sistemas
intracelulares de recaptura de Ca2+ citopldsmico; un aumento posterior, el cual ne
puede ser corregido se asocié con la muerte de las neuronas (Randall y Thayer, 1992).
M4s atn, la proporcién de neuronas muertas correlaciond bien con la captura de
45Ca2+ por las células (Hartley y cols.,, 1993) y la introduccién de quelantes de Ca2+ a
las células atenud la toxicidad por Glu (Tymianski y cols., 1994). Es importante

recalcar que esta entrada de Ca?+ se atribuy¢ a la activacién del receptor NMDA yno a
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los canales de Ca2+ sensibles a voltaje (VSCC, ver articulo 1).

Ademés, se estableci6 que los antagonistas del receptor NMDA protegian de la
muerte neuronal (Choi y cols., 1988). En contraste, la activacién de los receptores
metabotrépicos a Glu protege contra la excitotoxicidad por NMDA (Koh y cols., 1991;
Bruno y cols., 1997). Aunque después se describié que los agonistas no-NMDA
también eran capaces de inducir muerte (con tiempos de exposicién mucho mayores
comparados con los que se requerfan al adicionar NMDA; Koh y cols., 1990), en
general se acepta que el receptor NMDA esti mis relacionado con la
neurodegeneracién. De hecho, cultivos corticales preparados de cerebros de ratones
que no expresan el NMDARI no son afectados por Glu (Tokita y cols., 1996). Los
efectos que tiene la elevacién de la [Ca2+]; incluyen la activacién de proteasas (las
cuales pueden actuar sobre proteinas del citoesqueleto), lipasas y endonucleasas, lo
que indudablemente contribuye a la muerte de las neuronas (ver abajo y figura 2).
Participacién de especies oxidantes en el dafo neuronal por Glu

Una teoria que se ha relacionade mucho con la excitotoxicidad es el dafio
mediado por especies reactivas de oxfgeno (ROS). De las moléculas que se forman
dentro de la célula y que son ROS, el radical hidroxilo (-OH, dénde el punto
representa un electrén sin aparear) es el més reactivo y por lo tanto el que puede
causar mayores alteraciones en los componentes celulares. Se piensa que los efectos
oxidantes de las ROS sobre los lipidos, ei DNA y las proteinas contribuyen al dafio
celular. Aunque normalmente las células poseen sistemas para eliminar a las ROS,

que consisten en la superéxido (:Oy) dismutasa, que transforma al -Oz- en peréxido
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de hidrégeno (H;O;) y las enzimas catalasa y glutatién peroxidasa, que se encargan de
transformar al H;0; Estos sistemas en muchas ocasiones no son suficientes para
eliminar a las ROS.

Las fuentes de las ROS en la célula son: 1) la formacién de -Oz y H2O2 a
consecuencia del metabolismo oxidativo de las células nerviosas; a este respecto, se
ha demostrado que en mitocondrias aisladas de cerebro una elevacion en el Ca?+ o el
Na+ en el medio puede conducir a la generacién de radicales libres (OH, Dykens,
1994); 2) enzimas como la monoamino oxidasa, la tirosina hidroxidasa y la L-amino
oxidasa producen HO3; 3) la activacién de fosfolipasa Az por Ca2+ produce 4cido
araquidénico, que genera -Op- al ser metabolizado; el acido araquidénico ademds
puede promover la liberacién de Glu e inhibir su recaptura; 4) la activacién por Ca2+
de la sintasa del éxido nitrico (NOS) genera 6xido nitrico (NO), que es capaz de
reaccionar con -Op- para formar peroxinitrito (ONOOH), que es una fuente
importante de -OH; el NO es capaz de difundir a otras células, propagando asi la
oxidacién: 5) la xantina deshidrogenasa es transformada en xantina oxidasa por
proteasas activadas por Ca?+; la oxidacién de la xantina genera acido durico, Oy y
H,03; 6) la reaccién de Fenton, que consiste en la oxidacién de un metal
(generalmente fierro) y la descomposicién de H2O2 en -OH y OH- (Olanow, 1993;
Coyle y Puttfarcken, 1993; Cohen, 1994). Para enfermedades cronicas del SNC que
presentan neurodegeneraci6n, se ha propuesto que el dafio oxidativo debido a la
actividad de las mitocondrias podria jugar un papel importante en la patogénesis

(Shigenaga y cols., 1994).
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Papel de la recaptura de Glu en la excitotoxicidad

Me parece pertinente mencionar que cuando se realizaron los primeros
experimentos de excitotoxicidad en cultivos, parecla que la participacién de la
recaptura de Glu no era crucial para la neurodegeneracién (Choi y cols., 1987). No
obstante, después se observd que al impedir la entrada de Glu a las células se podfa
potenciar el efecto téxico de Glu afadido a cultivos (Robinsen y cols., 1993), o bien
causar muerte neuronal al impedir la recaptura de Glu durante 1-2 semanas en
cultivos organotipicos de médula espinal (Rothstein y cols., 1993). Apoyando la
participacién de los sistemas de recaptura de Glu en la excitotoxicidad, fue posible
demostrar que se podia inducir neurodegeneracién con la acumulacién de Glu
end6geno de los cultivos, si la inhibicién de los transportadores para Glu se
mantiene durante algunas horas (Velasco y cols., 1996). Ain més, al eliminar uno de
los transportadores de Glu presente en las células gliales en ratones transgénicos, se
observé que estos animales presentaban epilepsia, neurodegeneracién en el
hipocampo y una mayor susceptibilidad a dafio en la corteza (Tanaka y cols., 1997).

Algunos de los mecanismos invelucrados en la muerte neuronal por Glu se
representan en la figura 2, sin embargo, hay acciones del Glu sobre componentes
neuronales que previenen la muerte celular, como se mencionard mas adelante. En
el esquema se representa una sinapsis glutamatérgica activa: al liberar el Glu, se
activan los receptores ionotrépicos y metabotr6picos y el neurotransmisor es después
capturado por los transportadores de alta afinidad (neuronales o gliales). Como se

describié arriba, la activacién de los receptores NMDA y no-NMDA lleva a la
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despolarizacién y a la entrada de Ca2+ a la neurona, lo que conduce al hinchamiento,
la activacién de enzimas potencialmente dafiinas, y la generacién de ROS. Cabe
resaltar el hecho de que la muerte neuronal se acompaiia de la liberacién inespecifica
de Ghlu al medio, lo cual se ha propuesto, propaga la accidén téxica del Glu. La
activacién de los receptores metabotrépicos, en contraposicién de lo que ocurre con
los receptores ionotrépicos a Glu, puede proteger de la muerte neuronal al impedir
la propagacién de la excitacién al disminuir la liberacién sindptica de Glu y/o
proteger de la muerte por un mecanismo desconocido en la neurona postsindptica.
También se ha sugerido que el NO puede tener un efecto protector dependiendo del
estado de éxido-reduccién de la célula, al disminuir la actividad del receptor NMDA

(Lipton y cols., 1993).
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Figura 2. Procesos asociados con la excitotoxicidad por Glu. 2 flechas sucesivas

indican pasos intermedios. En la presinapsis, * seflala un bloqueo de la
liberacién de Glu. Las abreviaturas se definen en la pégina iii.
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IL Rojo de rutenio

En esta tesis se utiliz6 al rojo de rutenio (RR} como una toxina selectiva para
neuronas y el modelo que se utilizé fue el de cultivos primarios de neurcnas y
astrocitos aislados del SNC de la rata. A continuacidn se revisa la literatura en
relacién a las propiedades del RR y sus efectos sobre sistemas biolégicos.
ILi. Generalidades

El RR es un colorante inorganico, sintético y policatiénico que se ha utilizado
en microscopia electrénica porque forma, junto con el tetraéxide de osmio un
complejo con carga positiva que es opaco a los electrones. Su férmula es la siguiente:

[(NH3}s Rull-O-(NH3}4 RulV-O-Rulli{fNHa)s]6+ & Cl-

Debido a su caracter catidénico, se ha descrito que tiene interaccién con muchos
componentes celulares de tipo aniénico (Luft, 1971). Estudios de cristalografia con RR
{Carrondo y cols., 1980) han permitido establecer que la molécula tiene un eje central
formado por los enlaces N-Ru-O-Ru-O-Ru-N, que el Ru se encuentra en el centro de
un octaedro y que los enlaces entre el Ru y el N son equivalentes en cuanto a su
longitud. De esta manera, el RR en solucién seria un cilindro con 1.17 nm de altura y
0.5 nm de didmetro. Se ha calculado que el didmetro de esta molécula es de 1.13 nm.
IL.ii. Efectos del RR sobre la mitocondria y el reticulo endoplismico

Este compuesto se ha asociade con el cation CaZ+ desde las primeras
descripciones de sus efectos sobre sistermas biolégicos, en los afios setentas. El
primero de estos estudios lo situé como un potente inhibidor de la captura de Ca2+

dependiente de energia por la mitocondria (Moore, 1971). Estudios posteriores mds
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extensos confirmaron que a concentraciones nM y uM, el RR inhibfa de manera muy
importante la entrada de Ca2+ a las mitocondrias hepéticas (Vasington y cols., 1972;
Reed y Bygrave, 1974; Luthra y Olson, 1977; Sparagna y cols., 1995) y establecieron que
el RR puede inhibir de manera no competitiva la unién de Ca2+ a la mitocondria
(Vasington y cols., 1972; Reed y Bygrave, 1974), ademés de disminuir la respiracién e
inhibir la actividad de la ATPasa mitocondrial a concentraciones de 10 a 100 pM
{(Vasington y cols., 1972).

Posteriormente, el RR se empezé a utilizar como inhibidor de la salida de Ca2+
de otros organelos que, ademés de la mitocondria, participan en la remoci6n de Ca2+
citoplasmético cuando la concentracién de este catién divalente aumenta, como el
sarcolema de mudsculo esqueldtico y el reticulo sarcopldsmico (SR) de musculo
esquelético o cardfaco. El RR a una concentracion >20 gM se unié al sarcolema
aislado y asf bloque6 la unién de Ca?* casi completamente. Esta inhibicién se redujo
ligeramente al extraer los lipidos de la preparacién. Adicionalmente, el RR a una
concentracién de 100 pM produjo una disminucién de aproximadamente el 50% de
la actividad de la ATPasa del sarcolema (Madeira y Antunes-Madeira, 1974).

En el SR de misculo se han identificado por lo menos 2 tipos de receptores
que son responsables de la salida de Ca2+ necesaria para la contraccién muscular;
éstos son los receptores para IP3 y para el alcaloide ryanodina (RyR). En el caso del
RyR, se han aislado los c¢DNAs para 2 proteinas, una que se encuentra
principalmente en musculo esquelético y otra que se localiza en el corazén y que son

66% homologas entre si. Este receptor se activa por la entrada de Ca2+ (fenémeno
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conocide como liberacién de Ca2+ inducida por Ca?+, LCIC) o por cafeina. El RyR del
tipo de musculo cardiaco es el mas abundante en el cerebro (Kuwajima y cols., 1992).
En el SR cardfaco (Chamberlain y cols., 1984) y de musculo esquelético (Palade, 1987),
el RR inhibié la LCIC y la acci6n de la cafeina a concentraciones en el intervalo nM.
En contraste, en una preparacién cardiaca de fibras musculares de aves, el RR (3 pM)
fue capaz de inhibir tanto la salida de Ca?+ inducida por IP; como la LCIC, pero
sorprendentemente potencié la salida de Cal+ inducida por cafeina en
concentraciones menores a 10 pM. Este aumento en la salida de Ca2+ al agregar la
cafeina no se observé con concentraciones mayores de RR. De hecho, con RR 100 pM
hubo una inhibicién del 20% en el aumento del [Ca2+]; al adicionar cafeina. Todos
estos efectos del RR fueron duraderos e incluso se potenciaron al dejar transcurrir
més tiempo (Vites y Pappano, 1992, 1994).

Evidencias adicionales de la interaccién del RR con el RyR se produjo al
estudiar ia unién de ryanodina en presencia de RR en fracciones microsomales de
cerebro y cerebelo. En este estudio, el RR 10 pM predujo inhibiciones del 65-75% de
la unién de ryanodina, mientras que la concentracion inhibitoria al 50% (ICs0) para
la liberacién de Ca?+ estimulada por cafefna fue de 40 pM para cerebro y >60 pM para
el cerebelo (Mészaros y Volpe, 1991). Incluso en fracciones microsomales obtenidas
de neuronas granulares de cerebelo en cultivo, el RR puede impedir la unién de
ryanodina con una ICsp=1.7 uM (Rosa y cols., 1997). Para finalizar con la interaccién
del RR con el SR cardiaco, debo mencionar que el RR (30 pM} también es capaz de

diminuir 80% la fosforilacién del RyR por calmodulina, mientras que la ryanodina
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promueve la adicién de fosfate a dicha protefna. Estas acciones estén relacionadas
directamente con las capacidades del colorante para inhibir la salida de Ca2+ y del
alcaloide de liberar Ca2+, por lo que se ha sugerido que al interaccionar con el RyR, el
RR impide la fosforilacién de la proteina, lo cual en apariencia es necesario para la
salida de Ca2+ del SR (Netticadan y cols., 1996).

Recientemente se ha establecido que el RR se une al RyR de miisculo
esquelético en los sitios (5 en total} del receptor que unen Ca2+ (Chen y MacLennan,
1994). Al incorporar este mismo receptor a bicapas lipidicas, Ma (1993) pudo observar
una inhibicién del paso de Ca2+ a través del RyR al adicionar concentraciones
nanomolares de RR. La concentracién de RR necesaria para observar la inhibicién
fue menor a voltajes méis positivos, lo que sugiere que la entrada de RR al canal hace
mis eficaz su accién. Ademés, se encontrd que el RR era capaz de inhibir al RyR
cuando se aplica tanto en et lado miopldsmico como en el lumen del SR, aunque en
el primer caso se encontré un nimero de Hill cercano a 2 y en el segundo muy
préximo a 1.

La visién general de los experimentos en el SR es la siguiente: el RR inhibe
eficazmente la LCIC y la salida de Ca2+ debida a IP3. 5in embargo, a pesar de que la
salida de Ca2+ inducida por cafeina, al igual que la LCIC se da a través del RyR, al
parecer las concentraciones de RR que pueden inhibir la liberacién de Ca2+ por
cafefna son 2 o 3 6rdenes de magnitud mayores que las que previenen la LCIC, lo que
sugiere que el RR est4 bloqueando mas eficientemente el sitio del RyR que detecta

una elevacién en la [Ca2+]; que el sitic del RyR que une cafefna.
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ILiii. Acciones del RR sobre algunas proteinas

Como se mencioné en la seccién anterior, el RR es capaz de inhibir la funcién
de la ATPasa de Ca2+ de la mitocondria y el sarcolema. En el SR esta protefna es la
responsable del transporte activo de Ca?+ l{acia dentro del reticulo, favoreciendo asi
la relajacién muscular, y tiene 2 sitios cooperativos de unién para Ca2+. Walter y de
Meis (1986) describieron el efecto del RR sobre esta ATPasa. Estos autores, usando
concentraciones de RR hasta 200 uM, no observaron inhibicidn del transporte de
Ca?+ debido a la ATPasa, pero describieron una inhibicién por RR 20 pM de la
reaccién reversa (esto es, la sintesis de ATP acoplada al establecimiento de! gradiente
de Ca?+), y por RR 200 pM de la salida de Ca?+ inducida por arsenato. Usando el
mismo sistema, Corbaldn-Garcia y cols. (1992) localizaron dos sitios de unién a RR en
la ATPasa, con valores de Km de 4.5 uM y 2 mM. Estos sitios en apariencia no son los
mismos de unién para Ca2+, pero la unién de RR a la protefna impide la interaccién
con Cal+, e incluso el colorante a una concentracién de 100 uM desplaza casi
completamente al Ca2+ unido a la ATPasa.

Por otra parte, y tomando como referencia las interacciones del RR con los
sitios que unen Ca2+, Charuk y cols. {1990} encontraron que el colorante no sélo era
capaz de inhibir la unién del Ca2+ (K;=72 uM) a la calsecuestrina, sino que se unfa a la
calmodulina, a 1a ATPasa de Ca2+ del SR, a la troponina C y a la proteina 5-100 de
cerebro, todas proteinas con sitios de unidén a Ca2+. Esta interaccién con RR se realizé
con dichas proteinas transferidas a nitrocelulosa y la deteccién de los polipéptidos fue

tan eficaz como la autorradiografia con 45Ca2+, por lo que los autores propusieron
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usar a! RR para identificar de manera f4cil proteinas que interaccionan con Ca2+. Mis
adelante, Sasaki y cols. (1992) estudiaron la interaccién det RR con la calmodulina,
protefna que al unir Ca2+ cambia de conformacién y activa a otras proteinas al unirse
a ellas. El RR pudo inhibir 1a activacién por calmodulina de una cinasa de miosina,
presumiblemente aj interferir con la unién de Ca?+ a la calmodulina. La ICgy para
este efecto fue de 18.5 uM (en presencia de Ca2+ 0.1 mM) usando las proteinas
aisladas. En este mismo trabaio. se pudo observar tamhisn la inhihiridn da Is
calmodulina por RR en un modelo de contraccién de tejido vascular.

Otro efecto interesante del RR es la inhibicién de la polimerizacién in vitro de
la tubulina de cerebro a concentraciones equimelares. El colorante fue incluso capaz
de promover la despolimerizacién de microtiibulos formados. Mas adn, €l RR a una
concentracién de 400 pM disminuyé 40% el transporte de leucina, que se da a través
de microtdbulos, en el nervio cidtico de la rana permeabilizado con tritén X-100
{Deinum y cols., 1981). El sitio de unién de RR a tubulina, en contraste con lo
anteriormente descrito, no estd relacionado con el sitio de unién de Ca2+ ala
tubulina {(Deinum y cols., 1985).

De los experimentos descritos en este apartado puede decirse lo siguiente: al
igual que en el SR y la mitocondria, el RR interacciona con los sitios de unién a Ca2+
de las proteinas (excepto en el caso de la tubulina). Sin embargo, las concentraciones
de RR necesarias para observar la inhibicién de Ia unién de Ca2+ son mayores en el
caso de las protefnas aisladas que en los organelos, lo que podria deberse a que las

proteinas presentes en las membranas de los organelos tengan sitios de mayor

30



afinidad por el RR o bien que el ambiente lipidico permita una interaccién mas
eficaz entre las proteinas y el RR.
ILiv. Efecto del RR sobre la liberacién de neurotransmisores

La entrada de Ca2+ a la terminal presindptica es el evento que deséncadena la

liberacién de neurotransmisores. El paso de este catién a través de la membrana se da

a través de VSCC. Estos canales estdn constituidos de distintas subunidades: o, oy/8,
By en algunos casos v La snbinidad auo contizne ol zanal y ol swow Ge voitaje es 1a

o, que tiene una masa molecular de 212-230 kDa. Este polipéptido incluye 4

dominios homélogos que contienen cada uno 6 segmentos transmembranales. Entre
los segmentos transmembranales 5 y 6 se encuentra una asa que presumiblemente
forma el poro y el segmento transmembranal 4, que contiene aa cargados
positivamente, es el responsable de detectar los cambios en el voltaje membranal
(McCleskey, 1994; De Waard y cols., 1996). De acuerdo a sus caracteristicas fisiol6gicas
y farmacolégicas, los VSCC se han clasificado en 5 grupos (Spedding y Paoletti, 1992;
De Waard y cols., 1996), los cuales se describen en la tabla 3.

Tabla 3. Clasificacién y caracteristicas de los VSCC

Tipo y_mm tinactivacign Antagonistas Localizacién
L -30 mV >500 ms Dihidropiridinas =~ Neuronas, miscuio
N =30 mV 50 - »500 ms w-conotoxina Neuronas
T 70 mV 10-80 ms Flunarizina (?) Neuronas, miisculo
P -40 mV >500 ms w-agatoxina [IVA Neuronas
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R 40 mV 20-40 ms —_ Neuronas

Hasta el momento, todos los datos apuntan a que el RR bloquea
preferencialmente los VSCC tipo N y P (Massieu y Tapia, 1988; Hamilton y Lundy,
1995). Hasta el momento no se ha podido establecer el sitio de los VSCC con el que
interactiia el RR.

Los efectos del RR sobre la liheracién de nanratranemicnrac an animales o 1o
que se les administré sistémicamente el colorante, asi como las alteraciones
observadas al inyectar RR en distintas regiones del cerebro se describen y discuten en

el articulo “Ruthenium red as a tool to study calcium channels, neuronal death and

the function of neural pathways” (articulo 1).
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Abstract—The inorganic polycationic dye ruthenium red (RuR) exerts several effects on the nervous system
when added in physiological solutions, both i vive and in vitro. Part of these effects, including the paralysis
observed in mammals after the systemic administration of RuR, can be accounted for by the binding of
RuR to nerve ending membranes, which results in inhibition of Ca®* influx through voltage-sensitive
calcium channels and the consequent inhibilion of neurotransmitter release. On the other hand, the
administration of RuR into the cerebrospinal fluid induces intense convulsive activily, and its microinjection
into the substantia nigra reticulata or the hippocampus leads to various motor behavior alterations that
can be related to hyperexcitability of the neurons of the injected region. In addition, RuR penetrates the
neuronal somata present in the area injected and induces cell destruction, which has been interpreted as an
excitotoxic action of the dye. The penetration and the toxicity of RuR were also observed in primary
neuronal cultures but did not occur in pure glial cultures, suggesting a selective action on neurons. In the
present article the in vitre and in vivo effects of RuR are reviewed and discussed in terms of the usefulness
of the dye as an interesting tool to study calcium channels linked to transmitter release, neuronal death

mechanisms and the function of neural pathways. Copyright © 1996 Elsevicr Science Lid

Calcium ions play a fundamental role in the physi-
ology of interneuronal communication and in the
mechanisms of neuronal cell death, It has been estab-
lished, both in central and peripheral synapses, that
the presynaptic membrane possesses voltage-sensitive
calcium channels {VSCC), which are opened by depo-
larization, and that the influx of Ca** through these
channels results in an increase in its cytoplasmic con-
centration, which triggers the exocytotic release of
neurotransmitters. This Ca?* increase, however, is
spatially restricted, transient and limited in amount,
owing to the efficient intraceliular Ca’*-buffering
mechanisms, which, together with plasma membrane
Ca?*-ATPases and Na*-Ca?!* exchangers, are
responsible for maintaining a submicromolar intra-
cellular concentration of the cation. Such a low con-
centration has to be kept against & concentration
gradient of about 10,000 (approximately 107 versus
10-* M).

*To whom all correspondence should be addressed.

Besides the VSCC, Ca’* may enter the neuron
through channels associated with neurotransmitter
receptors, which are permeable to this cation and gen-
erally also to Na*. The main receptors of this kind in
the central nervous systemn (CNS) are the different
types of excitatory amino acid receptor, including
those recognizing N-methyl-D-aspartate (NMDA),
kainic acid and a-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid (AMPA). Overactivation of these
recepiors, particularly the NMDA type, results in a
massive entrance of Ca®* that eventually leads to neu-
ronal cefl death. In fact, the exposure to a glutamate
excess in the extracellular medium is extremely neu-
rotoxic and such neurotoxicity is prevented by antag-
onists of the NMDA receptor, whereas no damage
by Ca®* entering through VSCC has been described
(Choi, 1988; Hartley e al, 1993; Tymianski et al.,
1993; Siesjd, 1994). Furthermore, it is believed that
this type of receptor is involved in the elevation of
intracellular Ca®*, occurring as a delayed effect of
ischemia or anoxia of cerebral tissue, which in turn
seems to be involved in neuronal death (Meldrum and
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Garthwaite, 1990; Manev er af., 1990; Siesjd, 1994).
Other sources of cytoplasmic Ca’* are the intra-
cellular organelles responsible for its sequestration,
such as the endoplasmic reticulum or the mito-
chondria. An increase in Ca’* occurs when these
buffering mechanisms are blocked or when an acti-
vation of the Na*-Ca®* exchange at intracellular
membranes is induced by augmented intracellular
Na* concentrations (Mody and MacDonald, 1995;
Simpson er af., 1995). The neuronal destruction
observed after a sustained elevation of cytoplasmic
Ca®* is duc to a variety of factors, such as alterations
of mitochondrial function, disruption of cytoskeleton
organization, production of free radicals, membrane
damage and activation of proteases {Mattson. 1994;
Biesjo, 1794).

The foregoing notions imply that drugs capable of
interacting with the intracellular or plasma neurenal
membranes, in such a way that Ca’* transport is
modified, should affect neurotransmitier release and/
or induce neuronat death. Drugs blocking VSCC should
inhibit neurotransmitter release, whereas those induc-
ing Ca?* entry should stimulate it. Additionally, the
latter could produce neuronal destruction, depending
on the duration of the effect, the nature of its mechan-
ism and the cellular site at which Ca™* entry occurs.

Several types of VSCC have been described, which
are differentially affected by various blockers and
differ also in veltage sensitivity, speed of opening and
closing and possible membranal location along the
neuron (Spedding and Paoletti, 1992; Siesjd. 1994;
Olivera et ai., 1994; Tareilus and Breer, 1995). Thus,
it is possible to distinguish pharmacologically between
the VSCC directly related to the cytoplasmic pool of
Ca®* involved in neurotransmitter release from those
unrelated to this process, because only the drugs
blocking the former channels should also inhibit the
Ca?*-dependent release. Among the compounds that
seem to block Ca’* movements through any of the
VSCC types are divalent cations such as Mg**, Mn**
and Ce’*, the trivalent cation La’*, and several
organic compounds, including verapamil. methoxy-
verapamil, and substituted 1,4-dihydropyridines such
as nifedipine, nitrendipine and nimodipine. Other
important blockers include peptide neurotoxins,
mainly @-conotoxins and e-agatoxins (Olivera e al.,
1994; Tareilus and Breer, 1995).

On the other hand, as aiready mentioned, the entry
of Ca®* through the NMDA-receptor-associated
channels seems to be more directly related to neuronal
damage than that occurring through VSCC. Evidence
for this includes the demonstration that exposure to
glutamate or to NMDA-receptor agonists resuits in
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neuronal death, and that this effect is prevented by
NMDA receptor antagonists {Choi, 1988; Hartley et
al., 1993; Tymianski er al., 1993). However, it should
be emphasized that this is not the only mechanism of
cell death. Other important factors include oxidative
stress leading to free radical formation, deficiencies in
the scavenger or metabolic mechanisms that normally
dispose of free radicals, derangement of cytoskeletal
proteins, or mitochondrial functional damage result-
ing in the disruption of oxidative phospherylation
{Coyle and Puttfarcken, 1993; Olanow, 1993; Martin
et al., 1994),

In addition to the above-mentioned compounds
that are capable of blocking Ca** channels and neuro-

transmitter release, or of inducing neurodegencration,
cme mad M.V han haan
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shown to possess both effects, depending on the exper-
imental conditions used. In contrast to the simple
ruthenium salts such as RuCl;, RuR (ruthenium oxy-
chloride ammoniated) is a complex polycationic com-
pound of relatively high molecular weight. Although
some variants of its formula have been proposed, the
following is generally accepted:

[(NH;);Ru—O-Ru(NH,),~O-Ru(NH,){**6Cl".

The effects of RuR on the nervous system have been
extensively studied in our laboratory for a number of
years. Several in virro and in wive experimental
approaches have been followed, including RuR actions
on Ca** influx and neurotransmitter release in brain
slices and isolated nerve endings (synaptosomes), on
motor behavior in rats, mice and cats, and induction
of neuronal damage after intracetebral microinjections
and in neuronal cultures. The results of these inves-
tigations, together with data from other laboratories,
indicate that RuR is an important and useful tool for
studying the relationships between calcium channels
and neurotransmitter release, as well as the mechanisms
of neuronal death. Furthermore, the injection of RuR
in discrete brain regions may provide useful infor-
mation on the function of neural pathways within the
brain. The purpose of this article is to review the main
findings on these lines of investigation.

RuR BINDING AND EFFECTS ON Ca’™ INFLUX AND
NEUROTRANSMITTER RELEASE

Because of its polycationic nature, RuR is able to
bind to negative charges on the external membrane
surface. Since RuR is also electron-dense, it has been
used as a membrane stain in electron microscopy
(Luft, 1971a,b). In this type of study, the compound
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is added to the fixative solutions, so that the tissue to
be examined is fixed simultaneously to the staining.
On the other hand, until recently relatively few studies
have been carried out on the effects of RuR in nervous
tissue when added in physiological solutions.

Using biochemical techniques, we have analysed the
binding of RuR to freshly isolated brain synap-
tosomes, in comparison to the well known VSCC
blocker La’*, as well as the interaction between these
two cations (Tapia er al., 1985a). The results of these
experiments showed that both RuR and La** bind
very rapidly to the synaptosomal membrane. In a
Na™- and Ca**-containing medium, one binding site
for RuR was identified kinetically, with a K, of
3.7pM, and two binding sites for La** (K,=2.
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site). Furthermore, RuR competitively blocked the
binding of La’*, suggesting that the high affinity site
for this cation is shared by RuR. This conclusion was
supported by the fact that La’* compietely inhibited
the binding of RuR to the synaptosomal membrane,
although only weakly displaced it when added to syn-
aptosomes previously incubated with RuR (Tapia et
al., 1985a). As summarized in Table 1, RuR also
blocks the binding of Ca** and of Tb** (o synap-
tosomes, as well as that of the N-type VSCC blocker
w-conotoxin, whereas the binding of dihy-
dropyridines, L-type blockers, is not affected.

The above findings clearly suggest that RuR inter-
acts with Ca'* sites located in the nerve ending mem-
brane. In order to test whether such sites are related
to VSCC, and whether the influx of Ca®* through
these channels is in turn involved in the mechanisms

of neurotransmitter release, the effect of RuR on these
two parameters was studied in synaptosomes. The
results of these experiments show that RuR at mic-
romolar concentrations close to its K, binding value
inhibits the influx of Ca®* induced by K*-depo-
larization (Tapia, 1985; Tapia et af., 1985b; Arias and
Tapia, 1986; Hamilton and Lundy, 1995). This inhibi-
tory effect has been confirmed by measuring fluo-
rimetrically the K *-induced increase in intrasynapto-
somal Ca’* concentration, without any significant
modification of membrane polarity (Taipale er ai., 1989).

The blockade of Ca** influx by RuR was correlated
with an inhibition of the Ca**-dependent release of
neurotransmitters, including y-aminobutyric acid
(GABA), glutamate, acetyicholine (ACh) and dopa-
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Hamilton and Lundy, 1995), when synaptosomes were
depolarized by high K* concentrations. RuR also
blocked the release induced by 4-aminopyridine, a
drug that stimulates the spontaneous transmitter
release in a strictly Ca’t-dependent manner (Tapia
and Sitges, 1982: Tapia er al., 1985b). These effects of
RuR on Ca?* entry and neurotransmitter release are
generally similar to those produced by La'* (Tapia e/
al., 1985b).

The action of RuR on the Ca’*-dependent release
of neurotransmitters has been also found in other in
vitro preparations, such as frog neuromuscular junc-
tion (Person and Kuhn, 1979), rat nerve-diaphragm
preparation (Hamilton and Lundy, 1995) and hip-
pocampal slices (Wierasko, 1986). In addition, largely
based on the above studies from our laboratory, RuR
has been established as an important blocker of the
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Table 1. Described effects of RuR on Ca’™ membrane sites and transmitter release in nervous tissue preparations

Binding of Ca™ Transmitter release

Preparation and VSCC blockers Ca** influx inhibition
Stimulated by K * -depolarization
Synaplosomes Blocks binding of Inhibits GABA.
{ral, mouse, Ca*~, L2’ Tv'", glutamate,
chicken, insect) w-conotoxin, dopamine,
no effect on DHP acetylcholine
Stimulated by capsaicin
Sensory fibers and neurons - [nhibits Peptides
Induced by nerve stimulation
Nerve-musche {rat, frog) — — Acetylcholine

DHP, dihydropyridines. References for synaptosomes: Madeira and Antunes-Madeira (1973); Kamino er al. {1976); Tapia and Meza-Ruiz
{1977); Breer and Jeserich {(1981); Tapia (1985); Tapia er af. (1985a); Arias and Tapia (1986); Massieu and Tapia (1988); Taipale es ol
(1989); Hamilton and Lundy (1995). Referenoes for sensory neurons: Maggi er af, (1988); Maggi ev al, (1989); Wood er al. (1988); Dray er
al. (1990). Holzer (1991). References for nerve.muscle: Person and Kuhn (1979), Hamilton and Lundy (1995).
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Ca®* influx and the Ca’*-dependent release of pep-
tides induced by capsaicin in several nervous tissue
preparations (Chahl, 1989; Amann et al., 1989; Maggi
et al., 1988, 1989: Wood et af., 1988; Dray et al., 1990;
Amann and Maggi, 1991; Holzer, 1991). A summary
of the actions of RuR on Ca’* sites and transmitter
release is shown in Table 1.

The work in ritro reviewed up to this point dem-
onstrates that. as in the case of the inhibitory effect
of La**, both in central synapses and in peripheral
junctions the effects of RuR are due to the blockade
of VSCC located in the nerve ending membrane. One
important aspect, however, is the type of VSCC affec-
ted by RuR. This question has been addressed by
studying the effect of RuR on the bindine to svn-
aptosomal membranes of antagonists of different
types of VSCC in synaptosomes {(Massieu and Tapia,
1988; Hamilton and Lundy, 1995). The results show
that the binding of dihydropyridines like nitrendipine
or PN200-110, which are L-type channel antagonists,
is not affected by RuR, indicating that this type of
channel does not participate in any important way in
the entrance of Ca®* linked to transmitter release. In
agreement with this conclusion, neither nitrendipine
nor nifedipine inhibited the Ca’*-dependent trans-
mitter release induced by K*-depolarization or by 4-
aminopyridine and, furthermore, the L-channel agon-
ist Pay K8644 failed to affect both the spontaneocus
and the K*-stimulated release (Massieu and Tapia,
1988). On these bases, it was postulated that RuR
interacts with the N-type VSCC, a conclusion strongly
supported by similar recent work in synaptosomes
and in rat nerve-diaphragm preparation, using dihy-
dropyridines, w-conetoxins and @-agatoxins as antag-
onists (Hamilton and Lundy, 1995). In this study it
was shown that the effects of RuR are mediated
mainly by its interaction with the N-type VSCC,
although the P-type scems to be involved also. Thus,
these two types of VSCC seem to be specifically related
to the coupling between Ca’* entry and neuro-
transmitter release.

It has been mentioned that RuR is able to bind to
the negative charges of the membrane surface. Such
negative charges are mainly those of the sialic acid
residues of gangliosides and glycoproteins, which are
abundant on the external surface of neuronal mem-
branes. In this regard, it has been shown in hip-
pocampal slices that the removal of sialic acid by
treatrnent with neuraminidase, or the addition of
exogenous gangliosides, notably delays the blockade
of synaptic transmission by RuR, indicating a link
between sialic acid, RuR and Ca®* channels (Wier-
asko, 1986). Such a link was previously suggested in

experiments in synaptosomes showing that when the
screening of negative surface charges normally exerted
by endogenous Ca?* is disrupted by chelators of this
cation, the membrane becomes more permeable to
Na* and this change in membrane permeability is
blocked by RuR (Arias et al., 1984).

RuR AND La'* EFFECTS AND INTERACTIONS IN ¥IVO

A series of experiments carried out in vive strongly
suggests that the described inhibitory actions of RuR
and La* on Ca?* influx and on the Ca’* dependent
release of neurotransmitters occur also in the living
animal and result in severe motor alterations,

When RuR was administered intraneritoneativ
(i.p.) to mice, rats or cats, a notable flaccid paralysis
occurred after a few minutes and tasted for 3-6 h. This
paralyzing action can be ascribed to an inhibition of
the Ca?*-dependent release of acetylcholine at neuro-
muscular junctions, because of the following findings.
(a) In the mouse, the RuR-induced paralysis was mim-
icked by thei.p. administration of the calcium chelator
EDTA, and the patalysis induced by both compounds
was reversed by the elevation of Ca®* levels produced
by CaCl, administration (Tapia et al., 1976}). In the
rat, the paralyzing effect lasted for about 3 h and was
followed by convulsive seizures (Garcia-Ugalde and
Tapia, 1991). (b) In the cat, the diminution of mus-
cular tone was antagonized by the administration of
the cholinergic agonist carbachol, indicating that the
response of the ACh receptor located in the muscle
posisynaptic membrane was not affected (Tapia er af.,
1976). (c) The RuR-induced paralysis was completely
antagonized by the systemic administration of drugs
that induce the release of neurotransmitters in a Ca®*-
dependent manner, such as guanidine and the afore-
mentioned 4-aminopyridine. [t must be emphasized
that the latter two drugs were very effective when
administered to mice several minutes after RuR, when
the animals showed complete paralysis (Tapia, 1982,
1985). (d) In contrast to guanidine and 4-amin-
opyridine, the administration of La’* to mice par-
alyzed by previous RuR injection did not reverse the
paralysis. However, when La'* was administered
before RuR, it completely prevented the occurrence
of flaccid paralysis (Tapia, 1985). This finding can be
correlated with the binding studies described above,
since La®* was able to inhibit the binding of RuR 1o
nerve endings membrane but only weakly displaced
the previously bound RuR.

It is worth mentioning that the paralyzing action of
the i.p. administration of RuR closely mimicks the
motor alterations observed in Lambert-Eaton myas-
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thenic syndrome in humans. In this autotmmune
disease, antibodies are formed against VSCC, result-
ing in a blockade of Ca?* entry and ACh release,
which in turn produces muscular weakness and par-
alysis. A recent work in nerve-diaphragm prep-
arations from mice treated with serum obtained from
Lambert-Eaton patients has shown that the anti-
bodies bind to the N-type VSCC and not to the L-type
channels of the motor nerve endings (Smith et alf.,
1995). Since this process and its consequences are
similar to the action of RuR described above, we
suggest that the systemic treatment with RuR may be
a good experimental model of Lambert—Eaton myas-
thenic syndrome.

Another related aspect needs to be revised. Accord-
ing to the binding and neurotransmitter release studies
in vitro, which indicate that RuR and La’* share a
presynaptic membranal site and possess similar
effects, it should be expected that the systemic admin-
istration of La** itself would also result in flaccid
paralysis. However, when we injected LaCl; alone, at
the doses which, as described above, antagonized the
paralyzing action of RuR, no paralysis was observed
(Tapia, 1982, 1985). In view of the clear antagonist
effect, it cannot be argued that the injected La’* is
chelated or somehow eliminated before reaching the
muscies, and therefore a different explanation must
be sought for the lack of paralyzing effect of La**. A
plausible interpretation is based on the fact that this
cation exerts a dual action at neuromuscular junc-
tions: it markedly increases the spontancous release
of ACh and it inhibits the depolarization-stimulated
release of this transmitter {Heuser and Miledi, 1971;
Miledi et al., 1980). Thus, it can be concluded that, in
vivo, the former action of La®* predominates over the
tatter and that it is more important for maintaining a
norma! muscular tone. The fact that, contrary to
La‘*, RuR inhibits the spontaneous release of ACh
in neuromuscular junctions (Person and Kuhn, 1979)
is in agreement with this interpretation.

In other experiments, we have studied the effects of
RuR and La’* when injected intracranially. The dye
has been administered into the cisternae of unane-
sthetized mice, as well as into the cerebral ventricles
of rats and cats, using stereotaxic techniques. In the
three species this treatment resulted in the appearance
of intense generalized convulsions, which in the cat
lasted for over 24 h and were accompanied by con-
tinuous electroencephalographic discharges charac-
teristic of status epilepticus (Tapia et al., 1976; Belmar
ef al., 1995). We have also found that the K*-depo-
jarization-induced release of GABA was inhibited by
more than 50% in synaptosomes isolated from the

brain of mice kilied during convulsions produced by
RuR (Meza-Ruiz and Tapia, 1978).

The intracisternal injection of LaCl, to mice also
produced convulsions, which, together with the pre-
vious findings, suggests that both La’* and RuR
inhibit transmitter release in central synapses when
injected in the cerebrospinal fluid, and that epileptic
seizures occur as a consequence of such inhibition
(Tapia, 1985). However, subsequent investigations on
the action of RuR when administered directly in brain
parenchyma, into small, discrete regions, indicate that
under these conditions RuR is able to penctrate the
neurons and behaves as a potent neurotoxin. These
experiments will be reviewed in the following section.

HYPEREXCITATION AND RoR NEUROTOXICITY

The effects of RuR described in the previous section
clearly point to a rapid action of RuR on neuro-
muscular and interneuronal communication, owing to
the binding of the drug to the presynaptic plasma
membrane. Moreover, the experiments in vitre showed
no indication of the presence or action of RuR inside
the cells. Therefore, it was highly surprising to find
that when RuR was stereotaxically microinjected in
rat brain and the injected region was examined his-
tologicaily, the dye was clearly located within neu-
ronal somata, whereas neither the neuropil nor glial
cells was stained. This has been found both in neurons
of the substantia nigra reticulata (SNR) (Tapia and
Flores-Hernandez, 1990) and in the pyramidai cells of
the CA1 area of the hippocampus (Garcia-Ugalde and
Tapia, 1991; Belmar er al., 1995). Furthermore, after
the injection of RuR in the tateral ventricle the dye
was also located inside the neuronal somas sur-
rounding the ventricle (Belmar et al., 1995).

The behavioral effects of the intracerebral admin-
istration of RuR were remarkable, and their charac-
teristics were dependent on the region injected. When
the dye was injected unilaterally into the SNR it pro-
duced long lasting (up to 5 days) motor alterations,
characterized by contraversive intense circling move-
ments and head orientation (Tapia and Flores-Her-
nandez, 1990). The most prominent behavioral
modification after its intrahippocampal (i.h.} injection
was the appearance of a well defined motor abnor-
mality known as ‘wet-dog shakes’, accompanied by a
series of symptoms that have been described as limbic
type seizures, such as grooming, rearing with forelimb
clonus, masticatory movements and head nodding
(Garcia-Ugalde and Tapia, 1991; Belmar et al., 1995).
Neither of these effects could be ascribed to a direct
RuR-induced inhibition of neurotransmitter release
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because, differently from the intracisternal injection
described above, when the basal and the K*-stimu-
lated release of GABA was studied in synaptosomes
or in slices of the injected SNR and hippocampus,
no differences were observed in comparison with the
contralateral non-injected tissue (Tapia and Flores-
Hernandez, 1990; Garcia-Ugalde and Tapia, 1991).
Furthermore, in the case of the CA1 area, neither the
coinjection of the GABA, receptor agonist 4,5,6,7-
tetrahydroisoxazol[5,4-clpyridin-3-0l (THIP), nor
that of the GABA uptake inhibitor nipecotic acid,
diminished the frequency of wet-dog shakes produced
by RuR (Garcia-Ugalde and Tapia, 1991).

These observations led us to postulate that the
mechanism of action of RuR in tive was not the same
wnen aamumstered systemically-as when njected into
cerebral tissue. In the latter case there scems to be a
very effective mechanism for the internalization of
RuR into neuronal bodies, sparing the neuropil and
glial cells. Since all motor abnormalities produced by
the dye indicate the induction of notable neuronal
hyperexcitability, and those observed after injection
in the hippocampal CAl area are similar to those
preduced by the potent excitatory amino acid receptor
agonist kainic add (Ben-Ari er al., 1981; Lothman and
Coilins, 1981), we have conctuded that the intrane-
uronal RuR is responsible for the hyperexcitability.

A clue 10 the mechanism for this hyperexcitability
may be the fact that the RuR-containing neurons are
rapidly damaged. In fact. we have observed, both by
light and electron microscopic examination of the
RuR-injected CA1 region. that neurons containing the
dye are destroved: they look shrunken, with loss of
cytoplasmic organization. remarkable vacuolization
and chromatin disaggregation. These changes occurred
within 1h of RuR injection. and after 3-9 days they
were refiected in neuronal loss and complete disruption
of the CA1 cell layer architecture {Belmar e1 al., 1995).
Based on all these findings. we propose that, when
administered directly into the cerebral parenchyma,
RuR is rapidly taken up by neuronal somas and once
inside produces hyperexcitation and it is extremely neu-
rotoxic. This might represent a kind of excitotoxicity,
a term usually referred 10 the toxicity caused by over-
activity of excitatory amino acid receptors.

The results obtained so far leave open the following
questions: What neurat circuits are involved in the
motor aiterations produced by RuR? What is the
mechanism of RuR entry into the neurons and for its
apparent selectivity for neuronai bodies? What is the
mechanism of the hyperexcitation and neurotoxicity?
In the next sections some experiments aimed at solving
these questions will be described.
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EXCITATORY AMING ACIDS AND RaR-INDUCED
HYPEREXCITABILITY

Synaptic neurotransmission mediated by glut-
amate, the most important excitatory amino acid,
scems to play a major role in the mechanisms of seiz-
ures, particularly through the NMDA receptor. In
fact, ‘glutamate receptor agonists are potent con-
vulsant agents and, conversely, NMDA receptor
antagonists protect against convulsions in a variety of
models of experimental epilepsy (Léscher et al., 1988;
Dingledine et al., 1990; Chapman, 1991). Therefore, it
was reasonable to postulate that, if RuR is producing
neuronal hyperexcitation, excessive glutamatergic
neurotransmission mediated by NMDA receptors
vt Lo tarutreds i v tu et dus iy putiicais, we
have recently studied the effect of some antagonists of
the NMDA and non-NMDA receptors on the con-
vulsant action of the intracerebroventricular (i.c.v.)
and i.h. administration of RuR. For comparison, we
also tested the possible protection by antiepileptic
GABAergic compounds and by diphenylhydantoin.

As summarized in Table 2, partial protection
against the effects of RuR was observed with several
NMDA receptor antagonists and with the GABA-
ergic compounds. aminocoxyacetic acid and valproic
acid, when administered i.c.v. or i.p., but not when

Table 2. Protection by NMDA receptor anlagonists and GABAergic

compounds against convulsions and wet-dog shakes produced by the

intracerebroventricular (i.c.v.) and intrahippocampal (i.h.) admin-
istration of RuR in rats

Mean number of:
Tonic convulsions/h + SEM
(% of rals with status

ic.v. RuR (2.1 nmol) epilepticus for > 20min)

No antagonist 8111 (M1%)
CGP-3784% (i.p.. 10mg/kg)) 5.7+2.7(0%)
Aminooxyacetate {i.p., 50 mg/kg) 3141 (0%)
Valproate {i.p., 300 mg/kg) 1.640.9(0%)
i.h. RuR (I nmol) Wet-dog shakes/2 h + SEM
No antagonist g6+ 5.4
CPP (i.c.v., 2nmol) 1435

{i_-h. (0.4 nmol) 12718
CGP-37849 (i.p.. 10mg/kg) 19455

(i.h. (0.4 nmiol) 9414
MK-801 (i.p.. 1 mg/kg) 31 +4.5
Aminooxyacetate (i.p. 30 mg/kg) 13145
Valproaie (i.p. 300 mg/kg) 49415

Data from Belmar et al. (1995). CGP-37849, d{E}-2-amino-4-
methyl-5-phosphono-3-pentancic  acid; CPP, (4£)3<2-car-
boxypiperazin-4-yl)-propyl-1-phosphenic acid; MK-80M, (+)5-
methyl-10,11-dihydro-SH-dibenzofa,d}-cyclohepten-5,10-imine
hydrogen maleate. Drugs were injected 30 min before RuR
{except when coinjected i.h.} at the doses and routes of admin-
istration indicated. Neither i.c.v. CPP nori.p. MK-801 was effec-
tive against i.c.v. RuR.
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co-injected i.h. with RuR. The non-NMDA receptor
antagonist 6-cyano-7-nitroquinoxaline-2,3-dione was
ineffective. These findings indicate that NMDA recep-
tors play a significant role in the hyperexcitation
induced by RuR, and that such receptors are located
in cerebral regions different from the injected area
(Belmar et al., 1995). Such participation of remote
brain areas in the behavioral alterations produced by
the RuR-induced stimulation of the hippocampus has
been previously shown using the serotonin 5-HT,
receptor antagonist ketanserin, which was very effec-
tive in preventing the occurrence of wet-dog shakes
when administered i.p. but not when co-injected i.h.
with RuR (Garcia-Ugalde and Tapia, 1991). From
these studies it can be concluded that the behavioral
wlcrauons inaueea oy 1.0, KUK are medialed py tne
activation of neuronal circuits involving NMDA and
serotonin receptors. Since aminooxyacetic and val-
proic acids are believed to facilitate the general
GABAergic inhibitory tone in the brain, their pro-
tective action against RuR hyperexcitability is not
inconsistent with the above interpretation.

MECHANISMS OF RuR NEUROTOXICITY: STUDIES IN
CELL CULTURES

As described in the introductory section, anincrease
of cytoplasmic Ca®*, as occurring after overactivation
of NMDA receptors, has been causally related to neu-
ronal death. Since RuR has been located inside the
neurons shertly afier its intracerebral administration
and the resulting neuronal damage is similar to that
described after treatment with NMDA agonists, it is
possible that RuR may bind to iftraceliular organelles
or proteins responsible for Ca** buffering, and thus
prevent the trapping of the divalent cation and conse-
quentlyincrease its cytoplasmic concentration. In fact,
it has been described that RuR can bind to the Ca?*-
binding site of several Ca’* sequestering proteins,
such as calmodulin and calsequestrin (Sasaki et al.,
1992; Charuk et al., 1990) and, when injected into
cultured neurons, notably diminishes the intraceltular
buffering capacity after drug-induced elevatiog of the
cytoplasmic Ca®* (Thayer and Miller, 1990; Marrion
and Adams, 1992). Furthermore, RuR inhibits Ca*
transport in isolated mitochondria (Moore, 1971,
Reed and Bygrave, 1974) and prevents brain tubulin
polymerization and induces the disassembly of mic-
rotubules, although this effect cannot be reversed by
Ca** (Deinum et al., 1981). We have recently studied
the possibility of some of these mechanisms using
primary neuronal and glial cultures. Initially the aim
of these experiments was to test whether RuR was

capable of inducing cell damage in cultures and
whether this damage was specific for neurons, as sug-
gested by the results of the intracerebral admin-
istration of RuR in vivo.

In this study cell damage was assessed by the
reduction of a tetrazolium salt, which is a reaction
dependent on the state of the mitochondrial res-
piratory chain. As shown in Fig. 1, after relatively
long incubation periods with micromolar RuR con-
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Fig. 1. RuR-induced neurodegeneration as assessed by

reduction  of  3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl-

tetrazelium bromide {(MTT). Neuronal and glial cultures

were incubated with different RuR concentrations during the

time periods indicated on each panel. Data from Velasco et
al. (1995).
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centrations, a notable dose-dependent inhibition of
this function was observed in neuronal cultures, but
not in ghial cultures, thus confirming the specificity of
the cell damage and suggesting that derangement of
mitochondrial oxidative function might be the pri-
mary mechanism of RuR-induced cell damage. How-
ever, it was also found by immunocytochemical
studies of the neuronal cultures that RuR produced
notable alterations in the a-tubulin immunoreactivity
in the somata, as well as in the neural processes, which
looked detached and fragmented (Velasco ef al.,
1995). With the available information it is not possible
to know whether these changes were due 1o RuR
binding to tubulin or were secondary to other changes,
such as alteration in intracellular Ca** homeostasis.
Neuronal damage was also observed in the cultures
by light microscopy. Although not all cells were affec-
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ted, both RuR-treated cortical and cerebellar neurons
showed remarkable alterations, although, differently
from the experiments i vivo and in parallet with the
tetrazolium reduction, this effect required long incu-
bation times (8-24 h), The damage was characterized
by cell vacuolization and loss and fragmentation of
neurites and, in agreement with the observations in
vive, pure astrocyte cultures were nol affected (Velasco
et al., 1995). From these experiments it was concluded
that the RuR cell selectivity was due to a differential
permeability, since the microscopic observations
showed that the dye was present inside the neurons
but not in the glhial cells. The mechanism of the selec-
tive RuR entrance into neurons is still unknown.

We have recently examined the RuR-treated neu-
ronal cultures by scanning electron microscopy. As
exemplified in Figs 2 and 3, this technique revealed

i &
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Fig. 2. Scanning electron micrograph of cortical neurons cultured for 4 days. Cultures were washed with
phosphate buffer—saline pH 7.4, fixed in 3% glutaraidehyde, post-fixed in buffered 2% osmium tetroxide,
dehydrated in a graded series of ethanol and dried 10 critical-point using liquid CO,. Samples were mounted
on copper holders, coated with gold and observed in a Jeol 5410LV scanning electron microscope: (A)
control; (B) after 16 h incubation with 100 pM RuR. Note the disruption of neural processes and the
spherical appearance of several neurons in the RuR-treated cultures {(arrows). Bar=10 pm.
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Fig. 3. Higher magnification of different fields of the cultures shown in Fig. 2: (A) control; (B) RuR-treated.
Note the fragmentation and the varicosities (arrows} of neurites, and the alterations in the shape and
surface of the neurons, in comparison with the control, Bar=15 pm.

interesting details of the loss and fragmentation of
neurites, as well as changes in the shape of neuronal
somata, which became more spherical, and alterations
in the membrane surface, that appeared very rough.
Confirming the previous light microscopy obser-
vations, there seems to be a population of neurons not
affected by RuR.

CONCLUDING REMARKS

The experimental data reviewed in this article dem-
onstrate thai RuR exerts several interesting effects on
neurona! function and provides a novel approach for
studying the mechanisms of neuronal death and the
functional relations between neural circuits in the
CNS. More specifically, RuR seems to be a useful tool
for exploring the following physiological and patho-
logical processes, both in vitro and in vive:

o by

1. Calcium movements through specific VSCC in the
neuronal membrane, especially the presynaptic
membrane, and their consequences on the Ca®*.
dependent neurotransmitter release. In particular,
the effects provide relevant information on the
relationship between the influx of Ca’* through
specific VSCC and the intraterminal Ca** pool
involved in the triggering of transmitter refease.
Furthermore, RuR might also shed light on the
mechanisms of release of peptides or hormones, as
has been already shown in the case of the capsaicin-
induced peptide release.

2. The mechanisms of neuronal cell death, including

the role of intracellular Ca?*, cytoskeletal proteins
and mitochondrial oxidative function. These
aspects, which have been the subject of numercus
studies in vitro, especially in tissue cultures, demand
new approaches that permit a better understanding
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of the intracellular mechanisms of brain damage in
the living animal, and the data obtained so far
suggest that RuR may be a relevant tool in this
direction,

3. The alteration of neural circuits as related to the
motaor behavior of the animals. This approach can
be followed by damaging small populations of neu-
ronal bodies in selected brain nuclei, by means of
the microinjection of RuR, and studying the role
of the efferent pathways in a particular behavioral
function, It has been already shown that this appli-
cation of RuR may be important in the case of
several disturbances of motor functions, such as
epilepsy, but it is obvious that many functions of
the brain could be studied, depending on the brain
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OBJETIVOS

Como se mencioné en la introduccién, el RR es un compuesto muy
interesante porque es capaz de producir muerte neuronal sin afeccién de otros tipos
celulares al inyectarse en el parénquima cerebral (articulo 1). No es claro cuales son
las acciones toxicas del RR sobre las neuronas, por lo que a lo largo de esta tesis se
estudiaron varias posibilidades usando como modelo principalmente a las neuronas
en cultivos primarios. As{, los objetivos fueron:

1) Confirmar en cultivos primarios que el RR es una neurotoxina que no
afecta a otras células presentes en el SNC (articulo 2).

2) Realizar observaciones ultraestructurales de los efectos del RR sobre las
neuronas cultivadas (articulo 4).

3) Establecer si el RR debe ser internalizado a las neuronas para inducir
muerte y qué sitios de la membrana podrian estar participando en su unién/entrada
(articulos 3 y 5).

4) Probar si la homeostasis de Ca2+ intracelular participa en la
neurodegeneracién inducida por RR (articulo 4).

5) Establecer la participacién del bloqueo de los canales de Ca2+ por RR en la
toxicidad (articuio 4).

6) Investigar si la activacién de los receptores a Glu contribuye a la
neurotoxicidad (articulo 4).

7} Establecer si el RR induce apoptosis en neuronas (articulo 4).

8) Probar si el RR puede interferir con la funcién mitocondrial usando
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mitocondrias aisladas de cerebro (articulo 4).
9} Investigar si protefnas neurona-especificas son las responsables de la
entrada del RR a las células y de la muerte al expresar el mRNA extraido de las

neurcnas cultivadas en ovocitos de Xenopus (artfculo 5).

34



Neurochemical Research, Vol. 20, No. 5, 1995, pp. 399-604

Selective Neurotoxicity of Ruthenium Red in Primary

Cultures*

Ivin Velasco,' Julio Morsn,’ and Ricardo Tapia'?

(Accepted October 20, 1994)

The inorganic dye ruthenium red (RuR) has been shown to be neurotoxic in vive when injected
intracerebrally. In this work the toxicity of RuR was compared in primary cultures of rat cortical
neurons, cerebellar granule neurons and cerebellar astroglia. Microscopic examination of the cul-
tures revealed that RuR penetrates the somata of both types of neurons used and produces vacu-
olization and loss and fragmentation of neurites, In contrast, no RuR was seen inside cultured
astrocytes and no morphological signs of damage were observed in these cells. RuR toxicity was
alsp assessed by immunocytochemistry of a-tubulin and by biochemical measurement of the re-
duction of (3-(4,5-dimethylthiazol-2-yl}-2,5-diphenyltetrazolium bromide (MTT) by the cultured
cells. The morphological zlterations in the neurons were closely correlated with loss of tubulin
immunoreactivity and particularly with a notable decrement in the ability to reduce MTT. Using
the later parameter, it was found that neuronal damage was independent of the age of the cultures,
augmented progressively with time of incubation with RuR, from 8 to 24 h, and showed a clear
dose-response curve from 20 to 100 pM RuR. Astrocytes showed only a slight decrease in MTT
reduction after 24 h of incubation with 100 pM RuR. It is conciuded that RuR seems to be toxic
for neurons but not for astroglia, and that this selectivity is probably related to the ability of the
neurons to internalize the dye. The possible mechanisms of RuR penetration and neuronal damage
are discussed.

KEY WORDS: Ruthenium red; nevrcnal culfures; neurotoxicity: astrocytes.

INTRODUCTION

Ruthenium red (RuR} is an inorganic dye possess-
ing several effects on calcium-related functions in bio-
logical preparations, such as inhibition of Ca** uptake
in mitochondria (i-3), block of the caffeine-induced re-
lease of Ca* in sarcoplasmic reticulum (4) and inhibi-
tion of Ca?*-ATPase activity (2,5). In synaptosomes,
RuR binds to membranai calcium-related sites (6), in-
hibits Ca?* binding in a non-competitive way (7) and
blocks the entry of Ca?* induced by K*-depolarization

¢ Dep 1o de Ni cias, Instituto de Fisiologia Cetular, Univ-
ersidad Nacional Auténoma de México, A.P. 70-253, 04510-México,
DvF., México.

2 To whom to address reprint requests,
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(6,8). In the neuromuscular junction, RuR inhibits spon-
taneous as well as calcium ionophore-induced transmit-
ter release (9,10).

RuR is also able to interact with cytoskeletal pro-
teins. It prevents polymerization of brain tbulin and in-
duces the disassembly of microtubules, although as this
effect cannot be reversed by Ca?*, RuR probably binds
to a site different from that of the cation (11). Several
Ca**-binding proteins, such as calmodulin and calse-
questrin, are also capable of binding RuR. In both
proteins the binding site of RuR seems to be related to
that of Ca?*, as there is a reciprocal antagonism of bind-
ing (12,13).

In cultured ganglion neurons, intraceilular injection
of RuR potentiates the caffeine-induced release of Ca?*
from intracellular siores and slows down the buffering

0364-3190/730500-0599307.5040 © 1995 Plemum Publishing Carporstion
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of the resulting elevated cytoplasmic Ca’* levels (14).
Similarly, in dorsal root gangtion ceils, RuR inhibits the
largest component of Ca®* buffering (15).

Experiments in vive on the effects of stereotaxic
microinjection of RuR into the rat substantia nigra reti-
culata (16), the CAl region of the hippocampus (17} or
the lateral cerebral ventricle {E. Belmar and R. Tapia, in
preparation) suggest a predominant affinity of the dye
for neurons. Histological examination of the three mi-
croinjected regions has shown that RuR is preferentiaily
located inside neuronal somata. This neuronal penetra-
tion was associated with the induction of motor aitera-
tions that were long-lasting and distinct, namely
contralateral tuming behavior, limbic seizures and wet-
dog shakes, and intense generalized convulsions, after
intranigral, intrahippocampal or intraventricular admin-
istration, respectively. From these studies we have pro-
posed that when it is administered intracerebrally RuR
produces a marked neuronal hyperexcitation eventually
leading to cell death, which implies that RuR acts as an
excitotoxic compound. In support of this hypothesis,
light microscopy examination of the injected hippocam-
pus has revealed a notable disruption of the CAT cellular
architecture, and in addition electron microscopy obser-
vations showed intense vacuolization in the RuR-con-
taining neuronal somata {18).

The aim of the present work was to test whether
the apparent neuronal specificity of RuR observed in
brain tissue in vivo was also demonstrable in primary
neuronal cultures, as an approach to investigating the
mechanism of action of the dye. For this purpose the
effect of RuR was compared in cultured cortical and
cerebellar neurons and in cultured cerebellar astrocytes.

EXPERIMENTAL PROCEDURE

Materials. Petal calf serum and penicillin/streptomycin were ob-
uined from GIBCO (Gaithersburg, MD, USA). RuR, poly-L-lysine
(mol. wi. > 300,000), wypsin, soybean trypsin inhibitor, DNAse I,
cytosine arabinoside, diaminobenzidine, and antibodies against a-tub-
ulin were purchased from Sigma (5t. Louis MO, USA). The batches
of RuR used were checked by obtaining the absorphion spectra and
the maximum at 534 nm was used as criterion for calculating the
concentration of the dye. As previcusly reported (19), no important
spectrophotometric or toxicity differences were seen between different
batches. Antibodies to murine 1gG were obtained from Vector {Bur-
lingame, CA, USA). All other chemicals were of the purest grade
avzilable from regular commercial sources.

Cell Cultures. Primary cultures of cortical neurons were prepared
by seeding cell suspensions obtained from foreb of 17 day-old
fetuses from pregnant Wistar mits bred on the premises under standard
animal house conditions, as previously described (20). For cerebellar
granule neurons &nd cerebellar astroglial cells tissue was from E day-
old rats, as described by Morin and Patel (21) and Moran and Rivera-
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Gaxiola (22). Briefty, for ncuronal cultures the dissociated cell
suspensions from the cortex or cercbellum were plated 2t a density of
260-310 X 10° cells/em? (100 X 10° cellsem’ for the immunocyto-
chemical experimients) in plastic 35 mm-diameter Petri dishes or multi-
well clusters previously coated with poly-L-ysine (5 pg/ml),
containing basal Eagle's medium supplemented with 10% heat-inac-
tivated fctal calf serum, 25 mM KCl, 2 mM glutamine, 50 U/ml pen-
icillin and 50 pg/ml streptomycin, The culture dishes were incubated
at 37°C in & humidified 5% CO,, 35% eir atmosphere. Cytosine ara-
binoside (10 M) was added a1 about 20 h after seeding. For cerebelfar
astrocytes the cclls were sceded at a lower density {130 X 10 cells/
cm?), with 5 mM KCI and in the absence of poly-L-lysint and cytosine
arabinoside, Under these conditions the proportion of nturons in the
neuronal cultures is 95%-97%, and the astroplisl cultures contained
more than 95% positive cells for glial fitbrillary acidic protein (22).

Neuronal cultures were maintsined in the same medium for 4-6
days in vitro (D1V) without change of medium, or for 14 DIV. In the
latter case, an excess of culture medium was present {1 mtl instead of
0.5 ml), ¢ytosine arzbinoside was added 4 days afier platting, and 3.75
mM plucose was added at 11 days. Glial cell cultures were kept at
least 2 weeks in vitro, with change of medium every 3 days. After
these matntenance periods, the effect of RuR was tested by substituting
the medium for a freshly prepared RuR-containing Locke medium of
the following composition (in mM): NaCl 154, KCI 5.6, NaHCO, 1.6,
CaCl, 2.3, MgCl, 1.2, glucose 5.6, HEPES 5 (23). RuR was tested at
the concentrations and lime periods indicated under Results. Control
cultures treated with Locke medium withowt RuR were included in
each experiment and were handled in parallel. All experiments were
performed in duplicate using cultures prepared from the same sct of
animals, Cell morphology and appearance of the cultures were mon-
itored by phase contrast microscopy in each experiment before RuR
treatment, Poorly preserved cultures were discarded.

Assessment of Cefl Damage. The following approaches were fol-
lowed for assessment of the damage produced by RuR: dircct imme-
diste microscopic examination under an inverted microscope,
immunocytochemistry of a-tubulin, and assay of the reduction of (3-
(4,5-dimethylthiazol-2-yl)-2 S-diphenyl olium bromide {MTT).

Tubulin was visualized in methanol-fixed cultures, essentially as
previousty described (24), after incubation with lonal anti-a-
whulin antibodies {1:1009 dilution), using an anti-murine 1gG sceond-
ary antibody coupled o peroxidase (1:50 ditution), and diaminoben-
ndine-H,0, for visualization. MTT reduction was dctermined by
measuring spectropt ily the blue insoluble fi product
sfter one h incubation of the cultures with 150 pM MTT, as previously
described for several types of cell cuttures including neurons {(25-27);
fonnazan formation is an index of the functional state of the respira-
tory chain (28).

Statistical analyses were carried out using onc-way ANOVA 165t

RESULTS

Histology. Histological examination was carried out
at 8, 16 and 24 h of incubation in the presence of 20,
50 and {00 uM RuR. The appearance of both neuronal
and astroglial control cultures was similar to that pre-
viously described (22). As shown in Figs. | and 2, 46
DIV neuronal somata were well defined, possessed a
clear halo, and formed large clusters joined by long, thin
and even processes. On the other hand, 14-30 DIV as-
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Fig. 1. Four-DIV cortical neurons incubated for 24 h in Locke medium
in the absence {control, A) and in the presence of 100 pM RuR (B).
Cultures treated with RuR showed a notable loss of apparently ngrmal
neurons and processes, a5 well as numerous varicosities in neurites,
This damaging effect of RuR was obscrved in all the experiments used
for determination of MTT reduction, in both cortical and cerebellar
neurons (Fig, 4). Bar = 40 pm.

trocytes showed few short processes end formed a mon-
olayer.

In the ncuronal cultures, the lowest concentration
of RuR used (20 uM) did not produce any significant
morphological alteration at any of the times studied, in
spite of the fact that at 24 h RuR could be readily vi-
sualized inside some neuronal somata. With 50 pM and
particularly with 100 pM RuR, a distinct staining of the
somata occurred, which was most evident at 8 h of in-
cubation and indicated the penetration of the dye. At 16
and 24 h some of the stain was lost, due to the destruc-
tion of the cells. Neuronal damage started to occur at
about 16 h and it was obvious at 24 h, although some
normally appearing cetls containing no RuR were al-
ways observed. This damage was characterized by cell
vacuolization and fragmentation and loss of neurites
(Fig. 1).

In contrast to the above observations, with the ex-
ception of a few cells which lcoked vacuolized after 24

YL R A\ RS
Fig. 2. Seventeen-DIV cercbellar astrocytes incubated for 24 h in
Locke medium in the absence (control, A) and in the presence of 100
MM RuR (B). Only a foew cells appear vacuolized in the RuR-treated
culture. Bar = B0 ym,

h with 100 pM RuR, no evident alteration in the mor-
phology of cultured astroglia was observed at the RuR
concentrations and incubation times tested (Fig. 2). Fur-
thermore, in no instance was RuR observed inside the
astrocytes.

Immunecytachemistry, Experiments on a-tubulin
immunostaining were carried out in cortical neurons af-
ter 24 h of incubation with 100 M RuR. Clear differ-
ences were observed between the cytoskeleton of control
neurons and that of treated cultures. In the latier, neural
processes appeared notably fragmented and detached
from somata, suggesting disintegration of microtubules
(Fig. 3).

Biochemistry. The MTT reduction assay allowed us
to study more quantitatively the time and concentration
dependency of RuR toxicity. As shown in Fig. 4, in 46
DIV cortical neurons treated with RuR the MTT reduc-
tion by living ceils was curtailed as the concentration of
RuR rose and as the exposure time was augmented. The
cerebellar granule neurons showed a very similar behav-
for at the incubation times tested (8 and 24 hours, Fig,
4). On the other hand, cerebellar astrocytes were much
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Fig. 3. | ytachemical ofu tubulin in E-DIV cortical
nevrons incubated for 24 h in I.ocke medium in the absence (contcol,
A) and in the presence of 100 pM RuR (B). Neurons form less clusters
than those in Fig. 1 because they were seeded at about one-third cell
density. RuR-treated neurons showed altered immunorcactive mor-
phology of the somata, as well as detachment and notable fragmen-
tation of peurites. Similar alterations were observed in 3 scparate
experiments. Bar = 40 jum.

more resistant to toxic effects of RuR than were the two
neuronal types used. The only condition that resuited in
effects statistically different from control was the incu-
bation with 100 uM RuR during 24 h (Fig. 5).
Because in the above experiments cerebellar astro-
cytes were considerably older than neurons (14 vs 4-6
DIV), it was important to determine whether the neu-
rotoxic effect of RuR was also present in older neurons.
As can be seen in Fig. 6, the age of the neuronal cultures
does not seem to influence significantly the toxic effect
of RuR, since neuronal cells grown during 14 DIV were
affected by the dye similarly to the younger neurons.

DISCUSSION
The present results demonstrate that in primary cell

cultures RuR is able to penctraie neurens and produce
ceil damage, whereas glial cells are much more resistant.
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A CORTICAL NEURONS
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Fig. 4. MTT rteduction by 4-6-DIV cortical (A) and cerebellar (B)
neurons after incubation with different RuR concentrations for 8, 16
or 24 h, as indicated. Results are expressed as percent of the control
in the absence of RuR. Mean values of the number of experiments
shown in parentheses = SEM. *p < 0.05

In fact, the dye was practically absent in cerebellar as-
trocytes, whereas it was readily observed inside neuronal
somata. This difference between neurons and glia cannot
be ascribed to the age of the cultures when RuR was
added, since the same penctration and cell damage was
observed in neurons cultured for 46 or for 14 DIV,
which was the usual incubation period in the case of
astrocytes. This selective localization was cbserved in
both cortical and cerebellar granule neurons, suggesting
that the capacity to incorporate RuR is absent in astro-
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Fig. 5. MTT reduction by 14-30-DIV cerebeltar asirocytes afier
incubation with RuR. Details as for Fig. 4.
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Fig. 6. MTT reduction by 14-DIV cortical neurons incubated with
different concentrations of RuR for 24 h. Details as for Fig. 4.

cyles but it is shared by different types of neurons. An-
other interesting finding was that the RuR staining is
restricted to neuronal somata, whereas neuronal proc-
esses are only slightly stained if at all. These character-
istics of RuR incorporation into cells are swrprisingly
similar to the selective localization of the dye inside ncu-
rons afler its microinjection into brain structures in vivo
(16—18). Nevertheless, one important difference was that
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whereas in vivo it is possible to see stained neurons in
only a few minutes after the injection, in the primary
cultures this required several hours. One possible expla-
nation is that the cultures comprise immature neurons
that do not necessarily reach the equivalent of adult age
after a few DIV, at least in terms of RuR penetration.

Both the microscopic examination and the immu-
nocytochemistry of a-tubulin showed that there was a
progressive neuronal damage with time of exposure to
RuR, as well as a dose-dependency of this toxic effect.
It is interesting that not only the neuronal somata con-
taining RuR were vacuolized, but also that neurites were
fragmented and lost. In this respect, preliminary electron
microscopic observations carried out in our laboratory
confirmed the vacualization of those somata and re-
vealed that 1t was restricted (o the cells coniaining KUK,
whereas some neurons of normal appearance were free
of RuR.

A more precise quantitative comparison of the dam-
age caused by RuR can be made with the MTT reduction
assay, which is a valid indication of the number of living
cells (25-28). The results of these experiments show that
both cortical and cerebellar nevrons are equally sensitive
to the dye, because the dose-response curves are very
similar, the rate of MTT reduction decreasing more than
70% after 24 h exposure to 100 uM RuR. The fact that
practically no damage was observed at 8 h agrees with
the morphological evaluation and suggests that the de-
leterous effect of RuR entails a slow process once the
dye is inside the cells. This contrasts with the rapid ef-
fect of RuR when microinjected in the hippocampus in
vivo, when clear damage was observed by electron mi-
croscopy in less than one h after the injection (18). This
suggests either that the penetration of RuR is more rapid
in vivo than in the cultures, or that in vivo the metabolic
processes altered by RuR are more active and therefore
the consequences of their derangement appear earlier.

It is interesting that in vitro RuR binds very quickly
to synaptesomal membranes, and that there is no evi-
dence, either in vitro or in vivo, that it penetrates ot
destroys the nerve endings (6,18). This strongly suggests
that RuR toxicity depends on intracellular mechanisms
occurring primarily in the somata. Therefore the most
plausible explanation for the lack of damage of glial
cells is the fact that RuR does not penetrate them, which
suggests important functional differences between neu-
ronai and glial membranes with respect to their perme-
ability for RuR. At this time it is difficult to offer an
explanation for the mechanism of RuR entrance into the
somata. The dye is a polycationic compound of rela-
tively high molecular weight (>500} and therefore the
most probable way would be endocytosis. In living
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amoeba RuR and its closely related compound, ruthe-
nium violet, are very toxic and seem to bind ireversibly
to the membrane and to be rapidly internalized by pin-
ocytosis (29). This is now currently under investigation
in our laboratory.

Several possibilitics could account for the neuro-
toxicity of RuR. As mentioned in the Introduction, RuR
might disrupt Ca’* homeostasis and Ca®*-related cell
functions, due to the blocking of the binding of the cat-
ion to calmodulin or calsequestrin (12,13) and/or to the
inhibition of its buffering by sarcoplasmic reticulum or
mitochondria (1-4,14,15). This would result in an in-
creased cytoplasmic Ca?* concentration, which is a well
established causative factor of neuronal death (30). The
t\ril'l'l:“’_\l avant in RuR tnvir-if:: ronld alea he an altaratinn
of mitochondrial oxidative function (2), which would
cause derangement of energy metabolism. Finally, the
disruption of the cytoskeletal structure and axoplasmic
transport might also be involved in RuR neurotoxicity,
as indicated by the loss of a-tubulin immunoreactivity
observed in the present experiments. However, it is dif-
ficult to know whether this is a primary event ot oc-
curred as the consequence of alterations of Ca?*
homeostasis or energy metabolism. In any case, RuR
seems to be a relevant toct for studying the intracetlular
mechanisms of ncuronal.damage, and ncuronal culturc
offers a good experimental model for this purpose.
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Ruthenium Red Neurotoxicity and Interaction
With Gangliosides in Primary Cortical Cultures
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Ruthenium red (RR) is an inorganic polycationic dye
able to exert several effects on the nervous system,
including neurodegeneration, both in vive and in cell
cultures. Gangliosides have been shown to protect
cultured neurons agamsl several damagmg condi-
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with the negative charges of the sialic acid residues of
these molecules. In the present work we have tested
the effect of the trisialoganglioside GT1b and the
monosialoganglioside GM1 on the RR-induced neuro-
nal damage in primary cortical cultures, as well as on
the binding of RR to synaptosomes. GT1b at 100-200
pM concentrations partially protected against RR-
induced neurodegencration, as judged by light micros-
copy and by measurement of the reduction of a
tetrazolium salt, while GM1 was ineffective. GTIb,
but not GMI, also partly blocked both RR binding
and its diminution in the culture medium occurring
during incubation. These results suggest that the three
negative charges of GT1b enable it to interact with RR
and as a consequence the entrance of the dye into the
cells is blocked and neurotoxicity is diminished, al-
though other mechanisms of protection cannot be
excluded. Endogenous polysialic acid—containing mol-
ecules do not seem to be involved in RR effects, since
the removal of sinlic acid residucs by treatment with
neuraminidase did not prevent the cell damage. J.
Neurosci. Res. 49:72-79, 1997, ¢ 1997 Wiley-Liss, 1nc.

Key words: ruthenium red; neurodegeneration; neu-
ronal cultures; neuraminidase

INTRODUCTION

The polycationic inorganic dye ruthenium red {RR)
exerts several effects on neuronal function, such as the
blockade of voltage-sensitive calcium channels. inhibi-
tion of neurotransmitter release, hyperexcitation. and
newrodegeneration. RR binds 1o Ca®* sites on the synap-
tosomal membrane (Massiev and Tapia. 1988), blocks
Ca?* transport in mitochondria (Moore. 1971; Broeke-
meier et al., 1994), and synaptosomes (Tapia et al,,
1985b; Arias and Tapia, 1986; Taipale et al.. 1989,
Hamilion and Lundy, 1995), and inhibits the Ca’*-

© 1997 Wiley-Liss, Inc.

dependent release of neurotransmitters {Tapia and Meza-
Ruiz, 1977; Tapia et al., 1985a,b; Hamilton and Lundy.
1995).

Besides the above effects in vitro, when RR is
microinjected in the rat or cat cerebral ventricles or
palhu\.;l]uhl ;I. ;m.;uu:a ilncllac ;Jcilaviula; i.lll\.] ciccuupilybi-
ological hyperexcitation, as well as notable neuronal
damage of the injected region (Tapia et al., 1976: Tapia
and Flores-Herndndez, 1990, Garcia-Ugalde and Tapia.
1991; Belmar et al., 1995). These studies in vivo showed
that RR is able to penetrate into neuronal somata, where it
produces vacuolization and cell destruction, without any
apparent neuropil or glial cell damage. This selectivity for
neurons was demonstrated to occur also in primary
cortical and cerebellar primary cultures. In such cultures.
incubation with 20-100 pM RR for 8-24 hr resulted in
the entry uf the dye into neurons and subsequent neuronal
damage, while astrocyte cultures werc not affected
(Velasco et al,, 1995),

Gangliosides are sialic acid-containing glycolipids
abundant in neuronal plastma membrane. Among the most
prominent gangliosides are the monosialoganglioside
GM1 and the trisialoganglioside GTIb (Yu and Saito.
1989). These compounds possess several interesting
properties, including a protective action in cultured
neurons against a variety of damaging conditions. such as
trophic factor deficiency (Ferrari et al., 1993}, hypoglyce-
miz (Facci et al., 1990), excitotoxicity due 10 glutamate
receptor activation (Favaron et al., 1988; Manev et al.,
1990; Kikuchi and Kim, 1993), and massive calcium
influx (Nakamura et al., 1992). With regard to RR, it has
been postulated thai the dye interacts directly with sialic
acid residues of gangliosides (Luft, 1971}, and it has been
shown that removal of sialic acid by treatment with
neuraminidase (NAase) results in a diminished inhibitory
effect of RR on neurotransmitter release (Baux et ai.,
1979; Wieraszko, 1986).

*Correspondence to: R. Tapia, Dept. de Neurocicncias, Instituto de
Fisiologfa Celular, Univ. Nacional Anténoma de México, AP 70-253,
04510-México, D.F., México. E-mail: ntapia@ifcsun1.ifisiol.unam.mx
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The above data led us 1o postulate that gangliosides
might play a role in the entrance of RR into neurons and
therefore in its nevrotoxicity. and the aim of the present
work was to test such hypothesis. For this purpose, we
have studied whether exogenous gangliosides can protect
cultured neurons from RR-induced degeneration and
whether this can be related to 2 RR—ganglioside interac-
tion. In addition, we treated the cultures with NAase in
order to test if the sialic acid residues of endogenous
gangliosides or sialoproteins were necessary for the
RR-induced neurotoxicity.

MATERIALS AND METHODS
Call Colinra

Cortical neuronal cultures were prepared as previ-
ously described (Velasco et al.. 1995). Briefly. the corti-
ces of 17-day-old Wistar rat fetuses were dissociated by
trypsinization and the cells (1.25-1.5 X 10%ml or, in
some experiments, 0.6-0.7 X 10%ml) were seeded in
plastic dishes (Costar, Cambridge, MA) previousiy coated
with poly-L-lysine, in basal medium Eagle (Sigma Chemi-
cal Co.. §t. Louis. MQ) supplemented with 2 mM
glutamine, 50 Ufml penicillin, 50 pg/ml streptomycin,
and 10% fewal bovine serum (Gibco, Gaithersburg. MD).
The cultures were maintained in a 5% CO,-95% air
atmosphere at 37°C. Non-neuronal proliferation was
curtailed by 10 pM cytosine arabinoside added at 20 hr
after seeding.

Exposure to RR and Gangliosides

Cutltures were maintained for 4-6 days in viuo
before they were exposed to RR (Sigma) in Locke's
medium (0.5 ml), as previously described (Velasco et al.,
1995). RR was present in the cultures for 16 or 24 hr, at
the concentrations indicated in Results. All experiments
were made in duplicate and included control dishes with
RR-free Locke's medium. Two gangliosides, GM1 and
GTIb (from bovine brain. Sigma), were tested for
neuroprotection ai the concentrations indicated in Re-
sults. Gangliosides were coincubated with RR during 16
or 24 hr or. in the case of GT1b, preincubated with the
cultures. In the latter experiments, GT1b was present
either for 2 hr in Locke's medium before the addition of
100 uM RR, or for 24 hr in culture medium, prior to 24-hr
incubation in Locke's mediumn which contained RR with
or without the ganglioside. In order to avoid oxidation of
the gangliosides, they were dissolved in a 2:1 chloroform-
methancl mixture, the solvents were subsequently evapo-
rated with nitrogen, and final solutions were prepared in
water thoroughly bubbled with nitrogen (Toffano et al.,
1980). To test whether the effects of GTIb were due
solely to its negative charges, the polyanionic molecule
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pyranine {8-hydroxypyrene-1,3,6-trisulfonic acid, triso-
dium salt; Molecular Probes. Eugene, OR) was also
comparatively studied.

Evaluation of Cell Damage

The neurotoxic effect of RR under the different
experimental conditions tested was evaluated by phase-
contrast light microscopy and by spectrophotometric
assay of the mitochondrial reduction of 3-(4,5-dimethyl-
thiazol-2-y1)-2,5-diphenyi-tetrazolium bromide (MTT;
Sigma), as previously described (Velasco et al., 1995).
This reaction assesses the functional state of the respira-
tory chain (Mossman, 1983).

Neuraminidase Treatment

Cultures were incubated with 0.2 U/ml of NAase
(EC 3.2.1.18: from V, cholerae, Sigma) in basal medium
Eagle for 3 hr, as described by Wu and Ledeen (1991).
Higher concentrations of NAase could not be used
because they produced cell damage, as assessed by light
microscopy examination and MTT reduction. At the end
of the incubation period the culures were washed once
with Locke’s medium and exposed to RR in fresh
medium, as described above. In order to ascertain the
activity of NAase under the experimental conditions
described. in some experiments the concentration of
sialic acid in the culture medium was measured after
enzyme (treatment by the spectrophotometric thiobarbitu-
rate procedure described by Warren (1959). Sialic acid
standard was from Sigma.

RR-Ganglioside Interaction

The possible direct interaction of gangliosides with
RR in the exiracellular medium was studied by measuring
the effect of GMI1 and GTIb on the binding of RR to
synaptosomes. Rat forebrain synaptosomes were pre-
pared by the method of Loscher et al. (1985). and RR
binding was determined. after incubation for 15 min at
room temperature with different concentrations of RR, by
the procedure previousty described (Tapia et al., 1985a).
Control and experimental tubes containing gangliosides
or pyranine, at the concentrations indicated in Results,
were handled in parallel. At the end of the incubation
period. synaptosomes were centrifuged in a microfuge,
the RR concentration in the supernatant was quantified
spectrophotometrically at 534 nm, and the fraction bound
to the synaptosomes was calculated by difference from a
contro! value without synaptosomes (Tapia et al., 1985a).
The presence of GM!, GTIlb, or pyranine did not
interfere with the absorbance of RR at 534 nm. Synapto-
somal protein was determined by the method of Bradford
(1976), with bovine serum albumin as a standard.
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To evaluate the extent of penetration of RR into
neurons in culture, the spectrophotometric method de-
scribed above was used to measure the concentration of
the dye in the culture medium after 24 hr incubation. The
effect of gangliosides on this parameter was also as-
sessed, by measuring RR concentration after coincuba-
tion with GM1 and GT1b.

Statistical analyses were carried out using analysis
of variance (ANQVA) test.

RESULTS
Protection by Exogenous Gangliosides

At both high and low seeding cell density, cultured

cortical neurons growed in clusters and dcvcloped a
n“ |-< .-I

[P |
S

(Velasco et al,, 1995 Tap:a .md Vclasco 1997) the
cultures showed signs of degeneration when exposed to
20-100 uM RR for 24 hr. The most prominent alterations
observed under the microscope were the appearance of
multipte varicosities in the neurites, as well as their
fragmentation and loss (Fig. 1B). Biochemically, a no-
table decline in the capabitity for reducing MTT was
observed (Fig. 2). Coincubation with GT1b for 24 hr
resulted in partial protection against this RR-induced
damage, as assessed by both light microscopy (Fig. 1C)
and MTT reduction. At the three concentrations of GTlb
tested (100, 150, and 200 uM), the extent of recovery of
MTT reduction, in absoclute values, was similar (about
30%}. independently of the RR concentration. However,
the percent recovery relative to the damage (i.e., when the
percent decrease of MTT reduction with RR
alone = 100%) was inversely proportional to the RR
concentration (74%, 62%. and 36% average recovery
with 20, 50, and 100 uM. respectively, Fig. 2). A similar
protection by GTLb was alsu found when the incubation
period with RR was 16 hr (not shown). In some experi-
ments higher GT1b concentrations (500 uM and | mM)
were tested, but it was observed that in control cultures
without RR the cells detached themselves from the dish
bottom and looked damaged under the microscope.
Preincubation with 100 uM GT1b in Locke medium
for 2 hr did not improve the protection against 100 uM
RR (24% recovery, n = 4). When 200 uM GTlb was
preincubated for 24 hr in culture medium and it was also
present in the RR-containing Locke medium, again no
additional protection was observed, as compared to the
above-described coincubation experiments (65%, 30%,
and 29% recovery with 20, 50, and 100 pM RR.
respectively, n = 2). Finally, no protection at all was
observed when GT1b was preincubated for 24 hr and then
removed from the RR-containing Locke medium (n = 2),
sugpesting that free ganglioside in the medium must
interact with RR in order to prevent its toxic effect.

natwinrls

In contrast to GT1b, GMI1 did not affect the
RR-induced neurodegeneration, even when present at a
tenfold higher concentration than RR (Table I). Similarly,
the trivalent anion pyranine, at 50 or 100 uM concentra-
tion, failed to protect against RR-induced neurotoxicity
(Table I).

Effects of NAase

As shown in Figure 3A, treatment of the cultures
with NAase did not prevent the damage produced by
20-100 pM RR. This lack of effect was also apparent by
microscopic examination of the cultures (not shown).
That the enzyme was active under the experimental
conditions used is shown by the remarkable increase in
the concentration of free sialic acid in the mediom ac
compared to the negligible control levels (Fig. 3B).

Ganglioside-RR Interaction

As shown in Figure 4, 50 pM GT (b inhibited 30%
the binding of 50 yM RR to synapiosomes. and this
inhibition increased to 60% when RR concentration was
fivefold lower. In contrast, neither GM1 nor pyranine
affected RR binding (Fig. 4).

The results of RR measurement in the culure
medium are shown in Figure 5. In the absence of
gangliosides, at the three concentrations of the dye tested
about 50% of the initial RR remains in the mediwmn afier
24 hr incubation. Similarly 1o the inhibition of synaplo-
somal binding, coincubation with GTIb significantly
increased the concentration of RR in the medium. The
increase was similar with 100, 150, and 200 pM of the
ganglioside (differences were not statistically significant),
but it was inversely proportional to the initial concentra-
tion of RR. Increments were 93-119%, 53-75%, and
23-29% with 20, 50, and 100 pM RR, respectively {Fig.
5). In contrast to GT1b, GMI did not significantly affect
the concentration of RR in the culture medium (Table I1),

DISCUSSION

The present results show that GT1b, but not GMI,
partially prevented the RR-induced neuronal damage in
cortical cultures. With 100-200 uM GT1b the protection
was nearly complete at the lowest RR concentration used
and decreased at higher dye levels. Concentrations of
GTIb higher than 200 uM, which might be more effec-
tive, could not be used because they caused disruption of
the cuitures. Three negative charges seem 10 be required
for this protection, since the single sialic acid—containing
ganglioside GM| was ineffective. However, the lack of
effect of pyranine, a nonganglioside molecule containing
also three negative charges, suggests that the three-
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Fig. 1. Phase-contrast micrographs of control and RR-treated
neuronal cultures. A: Control, showing cell clusters connected
by numerous uninterrupted neural processes. as well as scat-
tered dark neuronal somata surrounded by a bright halo. B:
Cultures treated with 100 pM RR for 24 hr: few normal-looking
neuronal somata can be scen, and neusite loss is apparent; the
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remaining neurites look thinner, fragmented, and with varicosi-
ties. Ci Cultures treated with 100 pM RR and 100 pM GTlb;
protection is evident by the presence of dark neuronal somata
and by the preservation of numerous neural processes. Bar =
35 um.
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RR

PR+ GT1b 100 ;M
RR + GT1b 150 /4
R+ GT1b 200 M

§§68

-

MTT REDUCTION (% of control)

20
RA concentration (M}

Fig. 2. Effect of GT1b on neuronal damage induced hy 24-hr
ICUIERION WD WIIETENE B CONCSIMTURONS, Iy dssenned Y
MTT reduction, *, P < .05 relative to control withouws RR:
§. P < .05 relative to RR alone:n = 6-10.

TABLE 1. Lack of Pratective Effect of GM1 and Pyranine
Against RR-Induced Neurodegeneration, us Assessed by MTT
Reduction After 24-hr Incubation With the Dye at the
Concentrations Indicated™

RR concentration

(M} 0 20 50 100

No addition 0070 W62 46528 28609
GMI1 100 M 979 257 07 2104 429 =28 299 = 41
GMI1 IS0 M 01.9+42 677292 WA=21 219207
GMI 200 pM 1032442 785273 405=03 31 =22
Pyranine 50 pM 98.2 = 5.7 — - 290 = M
Pyragtine 100 M 940 = 0.6 — - M E-Ei

#Fipures are percent of MTT reduction control values (cuhures withouwt
RRY. Meuns £SEM for four independent experiments, Al values with
KR are significantly different from the controls without RR (P < 05).

dimensional arrangement of the charges present in GT1b
is important for the protection.

A good correlation was established between the
protective action of G'TIb and its interaction with RR:
This ganglioside clearly inhibited the binding of RR 10
the synaptosomai membrane, whereas neither GMI nor
pyranine had any effect. Furthermore, in the culiures
exposed to RR in the presence of GT1b, those cells that
looked undamaged were not stained by the dye. There-
fore. the most probable explanation for the protection by
the polysialic ganglioside is that it combines with RR and
as a consequence reduces the amount of free dye avail-
able to penetrate into the cells. in accord with this
interpretation, when GT1b was preincubated for 24 hr to
allow its incorporation into cell membranes (Saqr et al..
1993) and was then removed from the medium. no
prolection was observed, which suggests that the ganglio-
side nceds to be present in the RR-containing medium in
order to protect the cells, The results of RR measurement

A
... 100+ B AR slone
] 3 Nevraminidase
g 80; -
] *
£ 60
= *
]
- - *
5 40
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Control RR 20 M RRSOuM  RR100 M
B
500y -
kS
2
3 400
]
=]
w
R T3]
w
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Z 200
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o
-
2 100
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Control MNeuraminidase

Fig. 3. Action of NAase on neuronal cultures. A: Lack of eftect
of the enzyme on neuranal damage induced by 24-hr incubation
with different RR concentrations, as assessed by MTT reduc-
tion. B: NAase activity shown by the release of sialic acid to the
medium, #. P < 05 relative to control: n = 4.

in the culture medium support this conclusion, as will be
discussed next.

Since RR is not metabolized, the difference be-
tween the concentration of RR added to the cultures and
that preseni a1 the end of the incubation period may be
used to estimate indirectly the amount of the dye taken up
by the neurons. As shown in Figure 6, when this
calculation is carried out at the different RR concentra-
tions used and the resulting values are plotted against the
celi damage produced by the drug, a nearly linear
correlation between the two parameters is found (control
curve with RR alone). This is consistent with the above
conclusion regarding the relationship between intracellu-
lar RR and neuronal damage. Furthermore, similarly toits
inhibitory effect on RR binding to synaptosomes, incuba-
tion with GTb resulted in an increase in the concentra-
tion of RR in the medium, and therefore the plot cell
damage-intraceliular RR was shifted 10 the left in the
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Fig. 4. Effect of 50 pM gangliosides and pyranine on the
binding of 10 and 50 pM RR to synaptosomes. *. P < .05
relative 1o control; n = 3-12.
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Fig. 5. Concentration of RR in the culture mediem after 24-hr
incubation, and effect of GT1b. *. P < 05:n = 3.

presence of the ganglioside {Fig. 6). 1t should be noted.
nevertheless, that in the presence of GT1b a similar or
even higher calculated intracellular RR produced less
damage than in the absence of the ganglioside. which
suggests the involvement of other mechanisms of protec-
tion besides the trapping of RR.

One of these possible additional mechanisms is an
inhibition of protein Kinase C (PKC), since an activation
of this enzyme has been related to neurotoxicity. In fact, it
is known that gangliosides, particularly GTib. inhibit
PKC. both in cell-free systems (Kreutter et al.. 1987;
Katoh. 1995) and when activated by glutamate receplor
agonists {Vaccarino et al, 1987; Manev et al., 1990;
Costa et al., 1994). Other possible mechanisms of protec-
tion by gangliosides are the inhibition of Ca>*-activated
NO synthase (Dawson et al., 1995) or a facilitation of the
homeostatic mechanisms of intracellular Ca’* concentra-
tion. as it has been shown after ionophore- or glutamate-
induced increases of cytoplasmic Ca’* (de Erausquin et
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TABLE IL. Lack of Effect of GM1 on RR Levels in the Culture
Medium After 24 hr Incubation With the Dye at the
Concentrations Indicated*

RR initial concentration

(M) 20 50 100
Nao addition 82+032 206+078 490027
GM1 100 uM 07+053 215=43 525x67
GM1 150 M 10113 255240 512+13
GM1 200 pM 109+072 235+38 540=50

*Figures are pM concentrations of RR a1 the end of the incubation.
Means =SEM for three independent experiments. None of the values
was significantly different from the controls without GM1.

80«
= /
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"c§‘ ® /R
2E 4o
=
iz
£
3 20. R+ GTYb 200 ¢
z
0 . v .
[} 10 20 o0
Caloviated intracedlular RA (nemaol)

Fig. 6. Neuronal damage as a function of intracellular RR
levels. in the absence and in the presence of GT1b. The values
of the abscissa were calculated from the data of Figure 5 at the
three RR concentrations tested. as described in the text, and
those of the ordinate from the data of Figure 2. In each curve the
first. second, and third points correspond to the incubation with
20, 50. and 100 uM RR, respectively.

al.. 1990; Nakamura et at., 1992: Wu and Ledeen, 1994).
Consistent with the latter possibility is the observation
that intracellular RR interferes with intraneuronal Ca®*
homeostasis, delaying the return to normal cytoplasmic
levels after elevations induced by caffeine or electrically
induced depolarization {Thayer and Miller, 19%0; Mar-
rion and Adams, 1992),

That RR must penetrate the cells to induce neurode-
generation has been previously shown, both in vivo and
in neuronal cultures {Garcia-Ugalde and Tapia, 1991
Belmar et al.. 1995; Velasco et al., 1995; Tapia and
Velasco, 1997). Since RR is a relatively large molecule
(molecular weight ~550) and is highly charged, the
mechanism of this penetration is difficult to understand.
RR has been observed inside live amoeba, and it has been
suggested that it entered the cells by endocyiosis (Szubin-
ska and Lasft, 1971). However, we have been unable to
find endocytotic images in electron microscope examina-
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tion of our RR-treated cultures (Velasco and Tapia,
unpublished).

As discussed above, the presence of polysialic
residues in GT1b seems 1o be necessary to bind RR and Lo
protect against its toxicity. NAase cleaves sialic acid
residues of sialoproteins and di- and trisialogangliosides,
but steric hindrance prevents the hydrolysis of monostalo-
gangliosides, which therefore remain as the final product
(Schauer et al., 1980; Wu and Ladeen, 1991). Therefore,
the lack of protective action of NAase treatment against
RR-induced neurodegeneration suggests that either an
interaction of RR with plasma membrane sialic acid
residues is not a previous step for its internalization. or
that, differently from its behavior in solution. the dye
interacts with endogenous monogangliosides and in this
way it enters the cell and induces damage.

In conclusion, the present study coafirms that
internalization of RR into neurons is necessary for the
induction of neurodegeneration and shows that the dam-
age can be pantially blocked by GTIb bui not by other
polyanions or by monosialogangliosides. The protection
by the polysialoganglioside seems to involve both the
trapping of RR and additional intracellular mechanisms.
such as PKC inhibition or comrection of Ca** dyshomeo-
stasis.
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ABSTRACT

Ruthenium red (RR) is a polycationic dye able to induce neuronal death in
vive and in primary cultures. In this work, we have analyzed the ultrastructural
alterations induced by RR in rat cortical neuronal cultures using both scanning and
transmission electron microscopy. We also examined the involvement of
cytoplasmic Ca2+ concentration ([Ca2+);), and of the membrane Ca2+binding sites, in
the neurotoxicity of the dye. Since internalization of RR into cultured neuronal
somata seems to be a requisite to induce neurodegeneration, the possibility that RR
interfere with the normal mitochondrial function, in isolated brain mitochondria
was also tested. Whether RR can induce apoptosis, and the role of ionotropic
glutamate receptors in the RR-induced death were investigated. The results indicate
that RR produced a progressive damage of neurites and plasma membrane after 8-24
h, and remained associated with the nucleus of affected neurons. No damage or
introduction of RR was evident in neurons with intact plasma membrane. RR
caused higher resting [Ca?+); and an exacerbated cytoplasmic Ca2+ elevation after
depolarization. However, compounds capable to prevent [Ca?+]; increases had no
effect on RR toxicity. La3+, an ion that displace RR bound to synaptosomes, did not
prevent but potentiated RR-induced death, possibly because of La3+ alone caused
neurodegeneration. Mitochondrial function was significantly diminished after
treatment of isolated brain mitochondria with RR. We did not observe modification
of RR toxicity with glutamate receptor antagonists. Apoptotic images were not

observed, and protein synthesis inhibitors could not reduce the neuronal death



promoted by RR, suggesting that the dye induces necrosis. The results of this works
support the hypothesis that RR is exerting its damaging action from inside the cells,

probably by interfering with mitochondrial function.

Key Words: Ruthenium red - Neurodegeneration - Neuronal culture - Calcium-

Mitochondria - Electron microscopy.

Running title: Mechanisms of ruthenium red toxicity.



The inorganic polycationic dye ruthenium red (RR} is frequently used to
study the role of Ca2+ in cell function. Besides its well known Ca2+ blocking
propetties in mitochondria (Vasington et al., 1972; Reed and Bygrave, 1974; Sparagna
et al,, 1995) and ryanodine receptors {Mézsaros and Volpe, 1991; Ma, 1993), RR
inhibits the Ca2+-dependent neurotransmitter release in synaptosomes (Tapia and
Meza-Ruiz, 1977; Tapia et al., 1985; Hamilton and Lundy, 1995) and neuromuscular
junctions (Person and Kuhn, 1979; Hamilton and Lundv. 1995). Tn thece
preparations, RR seems to prevent Ca2+ flux mainly through N and P type channels
(Massieu and Tapia, 1988; Hamilton and Lundy, 1995).

When RR is injected intracerebrally, it induces intense electrical and
behavioral signs of hyperexcitation, as well as neurodegeneration {Tapia et al., 1976;
Tapia and Flores-Herndndez, 1990; Garcia-Ugalde and Tapia, 1991; Belmar et al,,
1995). The RR-induced neuronal death has also been observed in primary cultures
{Velasco et al., 1995; Velasco and Tapia, 1997; for a review of the actions of RR in the
nervous system, see Tapia and Velasco, 1997). We have suggested that both in vivo
and in cultures, the penetration of RR into neurons is a necessary step prior to
induce degeneration, based on the following observations: RR can be seen inside the
neuronal somata before there is any obvious alteration of cell morphology (Belmar
et al., 1995; Velasco et al,, 1995); in astroglial cultures, RR did not penetrate cells
neither produce significant cell death (Velasco et al., 1995); when RR uptake into
neurons was reduced, its neurotoxicity was also diminished (Velasco and Tapia,

1997).



The intracellular actions of RR have been studied by some groups after
introducing the dye to neurons, mainly to test whether cytoplasmic Ca2+
concentration ([Ca2+};) is modified. Thus, it has been shown that in isolated bull-frog
sympathetic neurons RR potentiated and prolonged the response of the cells to
caffeine (a promoter of Ca2+ release from endoplasmic reticulum), without affecting
basal Ca2+ levels (Marrion and Adams, 1992). A similar inhibition of Ca2+ buffering
by RR was observed in isolated rat dorsal root ganglion neurons, after
depolarization-induced [Ca2+]; elevations (Thayer and Miller, 1990). in contrast, in
cerebellar slices, RR completely abolished the {Ca?+]; response to caffeine in Purkinje
neurons (Kano et al., 1995).

The aim of the present study was to know in more detail the alterations
caused by RR in neurons, and how they relate to degeneration in primary cortical
cultures. We used morphological and biochemical approaches, such as electron
microscopy, [Ca2+]; measurements, and evaluation of mitochondrial function in
cells and in isolated mitochondria, after RR treatment. All these parameters have
been related to neurodegeneration and our present results show that RR is capable
of altering them.

EXPERIMENTAL PROCEDURES
Neuronal cultures

Rat cortical cultures were prepared as described (Velasco et al., 1995; Velasco

and Tapia, 1997). Briefly, the cerebral cortex of 17 days fetuses were trypsinized and

plated (260,000-310,000 cells/cm?) in plastic dishes (Costar, Cambridge, MA) or glass



coverslips (Fisher, Pittsburgh, PA) coated with poly-L-lysine, with basal medium
Eagle’s (Sigma, St. Louis, MO) supplemented with 10% fetal bovine serum (Gibco,
Gaithersburg, MD), 2 mM glutamine and penicillin (50 U/mL)/streptomycin (50
pg/mL). 10 pM cytosine arabinoside was added 24 h after seeding to curtail astrocytic
proliferation. The cells were maintained in a humidified incubator with 5% CO»-
95% air at 37°C during 4-6 days before use.
Treatment with RR and evaluation of mitochondrial function

Neuronal cultures were exposed to 0, 20, 50 and 100 pM RR as described
(Velasco et al., 1995; Velasco and Tapia, 1997). Briefly, the Eagle’s medium was
substituted by Locke’s medium (composition: NaCl 154 mM, KCI 5.6 mM, CaCl; 2.3
mM, MgClz 1.2 mM, NaHCO3 3.6 mM, glucose 5.6 mM, HEPES 5 mM, pH 7.4) . The
RR-treated cells were returned to the incubator for the period of time indicated
under Results. In some experiments, the mitochondrial function of neurons was
evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay (Velasco et al., 1995; Velasco et al., 1996; Velasco and Tapia, 1997).
Briefly, MTT (150 pM) was added to the cultures and incubated at 37°C for 1 h. The
formazan product was solubilized with isopropanol and quantified
spectrophotometrically at 570 nm.

We also evaluated the functional state of isolated brain mitochondria (see
below) in the absence and presence of 100 pM RR. 5 mM malate, 5 mM glutamate,
0.25 mM ADP and 150 pM MTT were added to the mitochondrial suspension for 15

min at 37°C, and the formazan production was quantified at 570 nm after



centrifugation (10 000 g during 3 min at room temperature)} and solubilization (with
isopropanol) of the mitochondrial pellet. Results are expressed, like in the case of
cell survival evaluation, as percent of control (RR-free condition).

When the effect of Ca2+ chelators and of other drugs affecting Ca2+ was tested,
the compounds were added to the cultures at the concentrations indicated in
Results, immediately prior to RR or, in some cases, 2 h before RR.

Electron microscopv

After treatment with RR, cultures were washed and fixed with 3%
glutaraldehyde in cold phosphate buffered saline (pH 7.4} and processed for either
scanning or transmission electron microscopy. For scanning microscopy, coverslips
were postfixed in OsOy4, dehydrated with ethanol (30 to 100%), dried to critical point
with liquid CO; and covered with gold and observed in a Jeol JSM 5410LV
microscope. For transmission microscopy, cells were postfixed with 2% OsOy,
dehydrated, included in propyl oxide, and ultrathin sections were stained with lead
citrate and uranyl acetate and observed in a Jeol 1200 EXII microscope.

Measurement of intracellular Ca2+

The {Ca2+]; was determined using Fura 2 (Grynkiewicz et al., 1985). Neurons
in culture were loaded in Eagle’s medium with 10 yM Fura 2-AM, dissolved from a
1 mM stock in dimethyl sulfoxide (DMSO), for one h at 37°C, and then
treated/untreated with 100 pM RR in Locke’s solution. After the times indicated in
Results, cells were transferred in Locke’s medium to a 500 pL perfusion chamber

and [Ca2+]); was determined at room temperature, using an image system composed



of a Diaphot inverted microscope (Nikon, Tokyo, fapan), a spectrofluorometer as the
340/380 nm excitation source (SLM Aminco, Rochester, NY)}, a 510 nm emission
filter, an intensifying camera (Hamamatsu, Shizuoka, Japan), and an Image 1/FL
software {(Universal imaging, West Chester, PA). We estimated the basal [Ca2+}; and
the change produced by depolarization with high K+ concentration, in the absence
and in the presence of 100 pM RR. To study the effect of K+ depolarization, Locke’s
madinm wac ranidly enhatitntad by an isnsmotic medium confaining 100 mM KCl.
In the coverslips treated with RR, we observed some cells that looked red in light
microscopy. These neurons had high [Ca2+]; and after some time they lost their
fluorescence, presumably because of death. We selected 6-14 cells for simultaneous
measurement in a 100X field, including when possible those with RR inside, and
averaged the [Ca2+]jof all neurons. Calibration was made by adding the Ca2+
ionophore ionomycin (5 pM) to increase the [Ca2+]; to a maximum value, and 20
mM EGTA tec reach the minimum Ca2+ level. [Ca2+]; was obtained by using the
following formula: [Ca2+};= Kp B (R-Ruin)/{Rmax-R), where Kp was 225 nM, B the 380
nm intensity ratio of zero Ca?+/saturating Ca2+ concentration, R is the measured 340
nm/380 nm ratio and Ry, and Rp,., are the 340/380 ratios with minimum and
maximum Ca2+ concentrations, respectively (Grynkiewicz et al., 1985}. In order to
assess the possible interference of RR with the Fura 2 method, we measured the
340/380 nm ratio in solutions containing Fura 2 and Ca2+ concentrations enough to
give Rmin and Ruyax, in the absence and presence of 100 pM RR. We did not observe

any modification in the fluorescence ratios in the presence of the dye. Since it has



been reported that Fura 2 is not an accurate probe to measure [Ca2+];> 1 uM (Hyrc et
al., 1997), we discarded the cells reaching this concentration.
Mitochondrial isolation

A crude mitochondrial fraction was obtained as described by Loscher et al.
(1985) from adult male Wistar rats. Briefly, whole forebrain was homogenized in
0.32 M sucrose and centrifuged at 1 000 g for 10 min at 4°C. The supernatant was
layered over 1.2 M sucrose and centrifuged at 220,000 g during 15 min at 4°C. The
mitochendrial pellet was resuspended in a medium containing 180 mM KCl, 5 mM
Tris, 1 mM MgCly, 0.5% bovine serum albumin, pH 7.2 and mitochondrial function
was determined as described above.
Statistics

All experiments were carried out at least 3 times. Experiments were
considered independent when we used different cuitures or, for isolated
mitochondria, different animals. Comparisons were made using ANOVA followed
by Fisher ‘s test.
Materials

RR was obtained from Sigma. The actual concentration of the dye was
calculated after determining the absorbance at 533 nm. No important
spectrophotometric or toxicity differences were observed between different lots.
Poly-L-lysine, MTT, procaine, caffeine, EGTA, ionomycin, LaCls, cycloheximide and
actinomycin D, were purchased from Sigma. Dantrolene was from Norwich Eaton

Pharmaceuticals (Norwich, NY). (+)-5-Methyl-10,11-dihydro-5H-dibenzo-(a,d)



cyclohepten-5,10-imine maleate {(MK-801) and 2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzo{f)quinoxaline (NBQX) were obtained from Research Biochemicals
Ix}temational (Natick, MA), and Fura 2-AM from Molecular Probes (Eugene, OR).
The acetoxymethyl ester of bis-(o-aminophenoxy)-ethane-N N N’,N’'-tetracetic acid
{BAPTA-AM, Calbiochem, La Jolla, CA} was dissolved in DMSO and added at a final
concentration of 0.15% solvent. In this set of experiments, control cultures included
ML.15% DMSCL Anontosis detection kit was purchased from Oncor (Gaithersbure.
MD).
RESULTS

Electron microscopy

As previously repeorted (Velasco et al., 1995; Velasco and Tapia, 1997), RR
induced a clear dose-dependent neurodegeneration in cultured cortical neurons
after 24 h of exposure. This damage was previously determined with biochemical
techniques and light microscopy, and here we show the ultrastructural details of this
neurodegeneration, with the aid of both scanning and transmission electron
microscopy. As shown in Figs. 1 and 2, the most conspicuous alterations produced
by RR occur in neurites, which lose their complex network and become distorted,
thinner and with varicosities. These changes are already clear with 20 yM RR but
are much more noticeable with 50 and 100 pM RR, until with the latter dose the
neurite network has practically disappeared (Fig. 1). Notable changes occur also in
neuronal somata, which show distinct degrees of damage evidenced by the scanning

electron microscope {Figs. 1 and 2). The most prominent alteration is a disruption of
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the cell membrane, which seems to follow several steps: a) roughening of the
normally smooth surface (compare neurons of Fig. 1A, 2A and those marked “0” in
Fig. 2B and 2C with those marked “1”); b) perforation of the membrane, as shown in
the neurons marked with a curved arrow in Fig. 1B, C and D, and in those marked
“2"” in Fig. 2B and C; ¢) complete disruption of the membrane (neuron marked “3”
in Fig. 2C) which leads to cell disintegration {thick arrow in Fig. 2C}.

Further details of the ultrastructural damage of the neurons produced by 100
uM RR at 16 and 24 h can be seen in the transmission electron micrographs of Fig. 3.
Some neurons are practically disintegrated, and in these cells, the nucleus looks
condensed and more electron-dense, suggesting RR binding, especially in the
nuclear membrane (arrows). However, this nuclear alteration is observed only
when plasma membrane integrity is lost. No significant association of RR with the
plasma membrane nor endocytotic images were observed. Interestingly, and in
agreement with previous findings (Velasco et al,, 1995; Velasco and Tapia, 1997),
some cells were resistant to the damaging effect of RR, as can be seen in Figs. 1-3.
[Ca2+]; changes

As mentioned in the Introduction, RR may exert some actions on [Ca2+}i and
therefore we tested if alterations in the homeostasis of this cation play a role in RR
neurotoxicity, as assessed by MTT reduction. For this purpose, we used BAPTA-AM
(a cell permeable form of a Ca2+ chelator), dantrolene and procaine (compounds that
prevent intracellular Ca2+-induced Ca2+ release) and caffeine (an alkaloid that

releases CaZ+ from internal pools). Table 1 shows that none of these drugs altered
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significantly the RR-induced degeneration. Preincubation for 2 h with BAPTA-AM
or dantrolene was also without effect. Similar negative results were found with
cerebellar granule neurons {data not shown).

The possible participation of intracellular Ca2+ dishomeostasis in RR toxicity
was also studied in a more direct way, by measuring the changes in [Ca2+]i (Fig. 4).
The resting [Ca2+]i of control cells was always below 100 nM and the high potassium
madinm slirited an increace tn ahnit 400-500 nM. Neurons treated with RR showed
higher resting [Ca2+}i, reaching maximal values of about 300 nM after 2 h exposure
to the dye. Furthermore, in the RR-treated neurons the high K+-depolarization
induced a [Ca2+]i increase higher than in control neurons in the first hour, reaching
500-800 nM concentrations. It is worth mentioning that RR-containing cells (as
judged from their reddish appearance) had consistently higher [Ca2+]i and showed
more susceptibility to degeneration, as evidenced by the complete loss of
fluorescence at 100-180 min. The proportion of RR-containing neurons increased
with exposure time.
Participation of Ca2+ channels in the induction of neuronal death

To discern if RR exerts its damaging effect through its well known Ca?+
channel-blocking action, we tested the effect of La3+, another Ca2+ channel blocker
that is able to displace RR binding to plasma membrane in synaptosomes (Tapia et
al., 1985) on MTT reduction. Exposure of the cultures to 100 uM La3+ for 24 h caused
a small, non-significant decrease in MTT reduction and slightly potentiated the

neurotoxicity of 20 and 50 uM RR (Fig. 5). In some experiments, La3+ was tested at
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200 pM concentration. At this high dose, La3+ by itself induced neuronal damage
(47.2 £ 5.3% decline in MTT reduction after 24 h, n=3)}, and morphologically {light
microscopy) the neurons looked damaged but very different from those treated with
RR: the cells showed vacuolization and no obvious alteration of neurites was
observed (not shown).
RR effect on isolated mitochondria

Since RR ran nenetrate the neuronal plasma membrane at a time when no
obvious damage is yet seen, it is possible that it may interfere with mitochondrial
function. When we tested the effect of 100 uyM RR on MTT reduction in isolated
brain mitochondria, we found that the dye significantly inhibited this function (Fig.
6).
Effect of ionotropic glutamatergic receptor antagonists

It has been postulated that RR might act as an excitotoxin (Tapia et al., 1976;
Garcia-Ugalde and Tapia, 1991) because it induces seizures and other signs of
hyperexcitation after its intracerebral administration, which are partially prevented
by NMDA receptor antagonists (Belmar et al., 1995). Therefore, we attempted to
prevent the RR-induced neurodegeneration in cultures with a combination of
NMDA and non-NMDA glutamate receptor antagonists, MK-801 and NBQX. As
shown in Table 2, this treatment had no effect on RR toxicity.
RR and apoptosis

Some morphological features observed in RR neurotoxicity, such as the

nuclear condensation evidenced in Fig. 3, plus the prolonged exposure times
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required to observe neuronal damage, suggested that RR may induce apoptosis.
However, the two experimental approaches to study this possibility did not support
this: in sifu labelling of DNA nicks did not reveal apoptotic cells in the RR-treated
cultures (data not shown), and protein synthesis inhibitors did not prevent the RR-
induced neuronal death (Table 3).
DISCUSSION

Scanning electron microscopy permitted to distinguish some characteristics of
RR-induced damage in the plasma membrane. Since there are several states of
destruction, as exemplified in Fig. 2, it is probable that RR causes progressive
alterations that culminate in the rupture of the membrane. However, it is difficult
to determine if the membrane damage is a primary event or it is a consequence of
an intracellular action of the dye (see below). RR binds rapidly to plasma membrane
in synaptosomes, mainly to Ca?+-binding sites (Tapia et al., 1985; Tapia y Velasco,
1997). Further evidence of RR interaction with membranes comes from experiments
with liposomes. It has been shown that RR can be adsorbed in multilamellar
liposomes containing phosphatidylcholine and negatively charged phospholipids,
such as phosphatidyiserine, phosphatidylinositol or phosphatidyiglycerol (Voelker
and Smejtek, 1996). These authors calculated that when interacting with these
charged liposomes, RR present a variable positive charge between 3+ to 5+, instead
of the accepted 6+. Thus, RR could be interacting with phospholipids,
monosialogangliosides (Velasco and Tapia, 1997), voltage-sensitive Ca2+ channels

(Hamitton and Lundy, 1995; Tapia and Velasco, 1997} and/or unidentified proteins
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of the neuronal membranes.

In electron transmission micrographs no evidence of interaction of RR with
plasma membrane of surviving cells was observed. In the damaged neurons, the
cytoplasm appeared disintegrated and RR was clearly associated to the nucleus of
damaged neurons, consistently with previous observations in vive (Belmar et al,,
1995). This is in agreement with our previous postulation that RR is internalized by
susceptible cells (Velasco et al., 1995; Velasco and Tapia, 1997) and with the nearly
linear correlation established between intracellular RR and neuronal damage
(Velasco and Tapia, 1997). Furthermore, other effects of extracellularly applied RR
imply a previous internalization of the dye. Among these, RR inhibits the
mitochondrial [Ca2+] increases after NMIDA application to striatal neurons in culture
(Peng et al., 1998) and decreases the mitochondrial rhodamine 123 fluorescence after
depolarization of sensory neurons with high potassium concentration (Duchen,
1992).

The present results on the measurement of [Ca2+]; also support this
hypothesis, since we observed that RR-treated cells showed elevated resting
cytoplasmic Ca2+ and exacerbated (Ca2+); elevations in response to K+-depolarization.
These effects are likely to be exerted by intracellular RR, as shown in other neuronal
types (Thayer and Miller, 1990; Marrion and Adams, 1992). However, the lack of
protection or even potentiation by Ca2+ chelators or by blockers of the intracellular
Caz?+ release observed here, suggest that Ca2+ dishomeostasis is not the only or main

responsible for RR-induced neurodegeneration.

15



The present data with La3+ also suggest that RR is not acting primarily on
plasma membrane Ca2+ channels to induce neurodegeneration. Since La3+ blocks
RR binding (Tapia et al., 1985), one should expec_t that it should inhibit RR toxicity,
but this cation slightly potentiated it. La3+ by itself caused neuronal death. It is
therefore possible that La3+ action was due to a different, unknown mechanism.
Finally, our negative results with glutamate receptor blockers indicate that ion
Auves thransh thaca hmoe af channels ara nob invalved in RR nanratavicity

The intracellular actions through which RR could induce neurodegeneration
might be: 1) inhibition of mitochondrial function (Fig. 6; Vasington et al., 1972); 2)
inhibition of Ca2+-binding proteins such Ca2?+-ATPase (Vasington et al., 1972;
Missiaen et al., 1990) or calmodulin (Sasaki et al., 1992; Charuk et al., 1990), proteins
that are involved in maintaining low Cal+ levels inside the cell; 3) production of
free radicals, since it has been shown that RR can act as a Fenton-type reagent in the
presence of ascorbate or respiring mitochondria (Meinicke et al., 1996); 4)
disassembly of the microtubules formed by tubulin {Deinum et al., 1985; Velasco et
al., 1995). The most likely of these are alterations in Ca2+ homeostasis and in normal
mitochondrial function.
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FIGURE LEGENDS
Fig. 1. Scanning electron micrographs of cultured cortical neurons after 24 h
exposure to RR. A: control. B: RR 20 uM. C: RR 50 pM. D: RR 100 UM. Note the
concentration-dependent damage to the somata (arrows) and the progressive
disintegration of neurites. Some cells were not damaged by RR. Scale bar = 10 pm.

Images representative of 3 experiments with similar results.

Fig. 2. High magnification scanning electron micrographs of 100 pM RR
neurotoxicity. A: control. B: RR exposure for 8 h, C: RR exposure for 24 h. The
progressive damage to the soma is indicated by the numbers in the figure (0
indicates no damage and 3 very severe damaged cells). The thick arrow marks a
neuron that has lost part of its membrane. Scale bar = 5 um. Images representative

of 3 experiments with similar results.

Fig. 3. Transmission electron micrographs of 100 uM RR neurotoxicity. A: control.
B: RR exposure for 16 h. C: RR exposure for 24 h. The damaged neurons have lost
their normal cytoplasmic architecture and the nuclei look condensed and with
electron-dense deposits. RR association to nuclear membrane is pointed out by the
arrows. Similarly to Figs. 1 and 2, some cells were unaffected by RR. Scale bar = 2

um. Images representative of 3-4 independent experiments with similar results.
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Fig. 4. 100 uM RR induces higher [Ca2+]; in cortical neurons. Note that in RR-treated
celis, both basal and high potassium (HK)-stimulated [Ca2+]; are higher than the

control, even very shortly after adding RR. Mean values + SEM for 3-4 experiments.

Fig. 5. 100 pM La3+ potentiates 20 and 50 pM RR-related neurotoxicity. Note that
although not statistically different from control, Lad+ by itself diminishes MTT
reduction. * P<0.05 relative to control. § P<0.05 relative to RR alone. Mean values +

SEM for 5 experiments.

Fig. 6. RR effect on MTT reduction by isolated brain mitochondria. * P<0.05 relative

to control. Mean values + SEM for 6 experiments.



TABLE 1. Lack of effect of Ca2+-related drugs on RR neurotoxicity.

[RR], pM: 0 20 50 100

Dantrolene 30 uM (n=5)

RR alone 100+104 789%44* 533437 260+32*
RR + dantrolene 91.7+49 690%35* 468+34* 283+30*
Procaine 2 mM (n=4)

RR alone 100+10.5 680+48* 589%50* 324+3.7*
RR + procaine 898168 745%23* 551%20* 334+22*

BAPTA-AM 50 uM (n=8)

RR alone 100 +7.4 — - 343+19*
BAPTA-AM 96.3+6.0 — e 375+22*
Caffeine 1 mM (n=4)

RR alone 100154 6871t42* 4551+51* 316+19*
RR + caffeine 90.6+7.1 587+57* 367+27* 31.7+44*

MTT reduction assays were done as described in experimental procedures after 24 h
of incubation. Drugs were applied to cultures simultaneously with RR. The results
are expressed a % of control. * P<0.05 relative to control (drug- and RR-free

condition).
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TABLE 2. Lack of protection by ionotropic glutamate receptor antagonists on RR

neurotoxicity.

[RRI, uM: 0 20 50 100

MK-801 10 pM + NBOX 100 uM (n=3)

RR alone 100+£10.7 7911:29* 63.0+49* 264%27*

RR + MK + NBOX 975+20 764%13* 645%x13* 279+4.0*

MTT reduction assays were done as described in experimental procedures after 24 h
of incubation. Drugs were applied to cultures simultaneously with RR. The results
are expressed a % of control. * P<0.05 relative to control {antagonists- and RR-free

condition).
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TABLE 3. Protein synthesis inhibitors do not modify RR neurotoxicity.

[RR], pM: 0 20 50 100

Actinomycin D 400 ng/ml or Cycloheximide 2 ug/ml (n=4)

RR alone 100+37 778+56* 61.1x18* 278433~
RR + artinomvcin D 977150 775+3.6* 624154 247£22*
RR + cycloheximide 1038+68 B68+72* 618+486* 225+21*

MTT reduction assays were done as described in experimental procedures after 24 h
of incubation. Drugs were applied to cultures simultaneously with RR. The results
are expressed a % of control. * P<0.05 relative to control (drug- and RR-free

condition).
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SUMMARY

The hexacationic dye ruthenium red (RR) preduce neuronal death in primary
cultures. We injected messenger RNA {mRNA) from cultured neurons into
Xenopus laevis oocytes to test whether this treatment can make occytes sensitive to
the damaging action of RR. Two-microelectrode voltage clamp and resting
membrane potential were used to evaluate mRNA expression and to assess the
effect of RR on oocyte survival. The dye was added to the medium or injected into
the cells, at 20, 50 or 100 pM concentrations. Injection of Xenopus oocytes with
mRNA extracted from cultured cortical or cerebellar granule neurons produced 4
days later both new outward currents and membrane hyperpolarization. Exposure of
mRNA-injected oocytes to extracellular RR for 24 h induced a remarkable
depolarization, but no significant damage was observed. Injection of RR into buffer-
injected ovocytes did not cause any change in membrane potential or cell survival,
whereas in mRNA-injected oocytes an important depolarization was observed 24 h
after RR introduction, and 18-32% of the cells showed serious damage. The results
suggest that oocytes become sensitive to intracellular RR toxicity because they

express neuronal-specific proteins involved in cell death.



INTRODUCTION

Ruthenium red (RR1) is a well known Ca?2+ transport blocker in isolated hepatic
mitochondria (1,2). RR also inhibits the CaZ+ fluxes through the ryanodine receptor
(3,4), and is a blocker of the voltage-sensitive Ca2+ channels, particularly the N and P
types, in peripheral and central nerve endings (5,6). This dye can induce neuronal
death both in vivo (7,8) and in primary cultures (9,10). In both cases it has been
observed that the penetration of RR into neuronal somata seems to be a previous
necessary event for the damage, which does not occur in glial cells. These results
suggest that some properties of neuronal plasma membrane, not shared by glial
cells, determine the entrance of RR into somata.

Xenopus laevis oocytes have been frequently used to express heterclogous proteins
after being injected with nucleic acids (11). Thus, messenger RNA (mRNA) extracted
from central nervous system leads to the expression of functional receptors in the
oocyte membrane, like the serotonin 2c¢ (12) and the glutamatergic N-methyl-D-
aspartate receptors (13). In the present study, we have injected Xenopus oocytes with
mRNA extracted from cultured neurons, in order to assess whether this treatment

could make oocytes sensitive to the toxic action of RR.

1 The abbreviations used are: RR, ruthenium red; mRNA, messenger RNA;
HEPES, 4-(2-hydroxyethyl}piperazine-1-ethanesulfonic acid; Iyax, maximal
current. :
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EXPERIMENTAL PROCEDURES

Neuronal culture and mRNA extraction

Neuronal cultures were prepared as described (9,10} using Wistar rats. Briefly, the
cortices of 17 days-old fetuses and the cerebella of 8 days-old pups were digested with
trypsin and seeded on plastic flasks (Costar, Cambridge, MA) in basal medium
Eagle's (Sigma, St. Louis, MO) supplemented with 2 mM glutamine, penicillin (50
U/ml)/streptomycin (50 pg/ml) and 10% fetal bovine serum (Gibco, Gaithersburg,
MD). Cerebellar granule neurons were grown in 25 mM KCi to promote their
survival, Cytosine arabinoside was added 24 h after seeding to stop glial
proliferation. The neurons were maintained in a 191 air:CO; incubator at 37°C for
4-6 days. After washing the culture medium with phosphate-buffered saline, the
mRNA was extracted from 6 X 107 cells using a fast track 2.0 kit (Invitrogen, San
Diego, CA), which employs oligo-dT cellulose. We performed mRNA isolation
from two different cultures of cerebellar granule neurons and from one culture of
cortical neurons. mRNA concentration was determined spectrophotometrically and
adjusted to 1 pg/pl in the RNAase-free bulffer included in the kit.
Qaocytes extraction and injection

Oocytes were extracted as described (14,15) from adult Xenopus laevis anesthetized
with tricaine. Clumps of cells were digested with collagenase for 2 h at room
temperature in a mediun containing 96 mM NaCl, 2 mM KCl, 1 mM MgClz, 5 mM
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), pH 7.4. Selected

defolliculated oocytes were injected with 50 nl of the mRNA solution or with buffer



alone, transferred to ND96 sotution (36 mM NaCl, 2 mM KCl, 1 mM MgCly, 5 mM
HEPES, 1.8 mM CaCl;, 2.5 mM sodium pyruvate, gentamicin 100 pg/ml, pH 7.4} and
maintained at 19°C during four days. We did not observe differences between
buffer-injected and intact oocytes throughout the experiménts described below.
Evaluation of mRNA expression

Changes in endogenous membrane currents and membrane potential were used
as criteria of mRNA expression in oocytes. Four days after mRNA or buffer
injection, whole cell currents were measured in the two-microelectrode voitage
clamp mode as previously reported (14,15). Oocytes were placed at 23°C in a
temperature-controlled chamber and step depolarizations (-8¢ mV to +50 mV in 10

mV increments) were applied from a holding potential of -100 mV. Electrodes were
filled with 3 M KC1 and had resistances below 1 MQ. The data were digitalized by an

analog/digital interface and recorded in a computer with the aid of pClamp 6
software (Axon Instraments, Foster City, CA). The leak current was subtracted off-
line assuming ohmic leak.
Exposure to RR and evaluation of cell damage

Four to six days after the injection of either mRNA or buffer, oocytes were exposed
to RR (Sigma, St. Louis, MO) in two different protocols: either adding the dye to the
ND96 medium (20, 50 and 100 pM concentrations), or by injecting it into the oocytes
dissolved in 50 nl of sterile water in concentrations calculated to give approximately
20, 50 and 100 pM RR inside the cells. For these calculations, oocytes were

considered as perfect spheres of 1 mm diameter. Since commercial RR is not pure,



actual dye concentrations were determined spectrophotometrically at 533 nm as
described (8-10). After 24 h exposure to extracellular or intracellular RR, oocyte
viability was evaluated by measuring the membrane potential. Oocytes with a
membrane potential more positive than -10 mV were considered as significantly
damaged. Several independent experiments using oocytes from different batches
were carried out, and each experiment produced data averaged from at least 3
oocvtes (normally 4-7 oocvtes/condition). Statistical comparisons were made with

ANOQVA followed by Fisher’s test.



RESULTS

Buffer-injected oocytes showed the previously described currents present in intact
oocytes, where a Ca2+-activated chloride conductance (16) is observed with
depolarizations of the membrane to values between -10 mV to +30 mV (Fig. 1A).
Four days after the oocytes were injected with mRNA from cortical neurons, and
more clearly with mRNA from cerebellar granule cells, novel outward currents
were apparent, which were not present in the control buffer-injected oocytes. In the
case of oocytes injected with mRNA from cortical neurons these new currents did
not inactivate during the 900 ms-depolarizing pulse, whereas in those injected with
cerebellar mRNA, two components of the currents were observed, a fast one which
inactivated in approximately 50 ms, and a slow one that did not inactivate
importantly (Fig. 1B and 1C). The maximal elicited current {Inax} at +50 mV was
significantly greater in oocytes injected with mRNA than that present in buffer-
injected cells (Table I).

Exposure of oocytes to extracellular RR caused the appearance of large dark spots
surrounded by white halos in the animal pole, and smailer reddish spots in the
vegetal pole, visible in the sterecscopic microscope. These deposits, presumably
accumulations of the dye, were apparently located between the plasma and the
vitelline membranes. This pattern was observed in all cells exposed to extracellular
RR, including the intact, buffer-injected and mRNA-injected oocytes.

As shown in Fig. 2, introduction of neuronal mRNA into oocytes induced a

notable membrane hyperpolarization that did not occur in buffer-injected cells. The



effect is clearer, as in the case of newly expressed currents, with mRNA from
cerebellar neurons (-87 mV} than with mRNA from cortical cells (-56 mV). Exposure
of these injected oocytes to RR in the medium (extracellular RR) caused a dose-
dependent depolarization after 24 h, whereas the buffer-injected cells showed only a
slight, non significant depolarization. The maximal membrane potential changes
were 12 mV in buffer-injected cells, 33 mV in cells with cortical neurons mRNA
and 61 mV in oocytes with cerebellar mRNA (Fig. 2).

The intracellular injection of RR did not cause any apparent staining of the oocytes
in any case. In the buffer-injected oocytes intracellular RR did not affect the
membrane potential. In contrast, in the cerebellar mRNA-injected oocytes, RR
induced an important depolarization, even at 20 pM RR, the lowest concentration
tested. This effect seems to be maximal, since higher RR doses were equally effective
(Fig. 3). In one experiment in which 11 ococytes were injected with mRNA from
cortical neurons, intracellular RR produced changes in membrane potential similar
to those shown in Fig. 3 (not shown).

Using the criterion indicated in Methods that a membrane potential 2 -10 mV was
indicative of significant damage, exposure to 20-100 uM extracellular RR did not
induce any damage, either in the buffer-injected oocytes or in the cerebellar or
cortical neuronal mRNA-injected oocytes (number of damaged cells/number of
cells tested: buffer, 0/54; cortical mRNA, 1/31; cerebellar mRNA, 3/69). In contrast,
when RR was injected into the cells, 18-32% of neuronal-protein expressing oocytes

were damaged (buffer, 0 /39; cortical mRNA, 2/11; cerebellar mRNA, 14/44).



DISCUSSION

The novel findings of this work are the following: 1) injection of mRNA from
cultured neurons into oocytes can lead to the expression of new currents and to a
more hyperpolarized membrane potential; 2) exposure of buffer-injected oocytes to
RR, either in the medium or in the cytoplasm, has minimal effects on membrane
potential and cell survival; 3) in contrast, oocytes expressing neuronal mRNA were
susceptible to RR toxicity, especially after introduction of the dye into the cells.

The new outward currents expressed by the mRNA-injected oocytes, particularly
those induced by mRNA from cultured cerebellar granule neurons, resemble the K+
conductances described in oocytes injected with mRNA from whole adult brain (17},
as well as the K+ fluxes observed in cultured cerebellar granule neurons grown in
high {25 or 40 mM). extracellular K+ (18). Although we did not perform experiments
to test if the novel currents were effectively due to K+ channels, the similarity of the
changes in membrane properties strongly suggest that this is the case, and that these
currents are due to the expression of neuronal mRNA in the oocytes. These new
currents might be responsible for the observed membrane hyperpolarization.

The notable and dose-dependent depolarization from the initial hyperpolatized
value induced by RR in neuronal mRNA-injected cocytes suggests that the
expression of neuronal proteins by the oocytes renders these cells more susceptible
to the action of RR. This conclusion gains further support from the results of the
intracellular injection of RR on oocyte survival. In these experiments we did not

observe any effect on the membrane potential in buffer-injected oocytes. In sharp



contrast, the cells injected with neuronal mRNA showed a more depolarized
membrane potential and about one third of the cells treated reached a very positive
membrane potential (> -10 mV}.

The findings of the present work suggest that extracellular action of RR on
membrane potential is greatly potentiated by newly expressed neurcnal proteins,
whereas, if the dye is inside the cell, such expression is linked to cell damage. We
have nravinnely chown that RR can enter living neurons in culture (9) and that the
extent of damage is directly related to RR uptake (10). Therefore, and since
extracellular RR did not induce damage, the present results indicate that neuronal
proteins, both in neurons and in oocytes, do not mediate the internalization of the
dye but are involved in the RR-induced damage.

Future experiments might lead to the identification of the protein(s) possibly
involved in making the neuronal expressing-oocytes susceptible to the damaging
actions of RR. The procedure described here has the advantage of permitting the
extraction of large amounts of poly-A RNA from a homogeneous population of
cultured neurons and could be used to study the participation of unidentified

proteins in several processes.
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FIGURE LEGENDS

Fig. 1. Ionic currents elicited by successive depolarizations (lasting 900 msec) of
oocytes membrane potential, four days after injection of buffer or mRNA. A) Buffer-
injected oocyte, where the endogenous Ca2+-activated chloride conductance is
apparent (-10 mV to +30 mV). B) Oocyte injected with mRNA extracted from
cortical neurons. In addition to the mentioned chloride current, a new, sustained
current is present with depolarizations above 0 mV. C) Oocvte injected with mRNA
of cerebellar granule neurons, where two components of the novel ionic
conductances can be distinguished. Note that the calibration bars for the current are
different. The bottom record indicates the membrane potential. The presence of new
currents in neurcnal mRNA-injected oocytes were confirmed in 5-7 independent
experiments.

Fig. 2. Effect of extracellular RR on membrane potential of oocytes injected with
buffer or with mRNA from either cortical or cerebellar granule neurons, evaluated
after 24 h exposure of the cells to the dye in the medium. Mean values + SEM of 3-4
experiments (3-7 oocytes per experimental condition). * P < 0.05 relative to its own
control (RR-free medium). § P < 0.05 relative to buffer-injected control.

Fig. 3. Effect of intracellular RR on membrane potential of occytes injected with
buffer or with mRNA from cerebellar granule neurons, evaluated 24 h after
injection of the dye. Mean values & SEM of 3 experiments (3-7 cocytes per
experimental condition). * P < 0.05 relative to its own control {RR-free medium}.

§ P < 0.05 relative to buffer-injected control.
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TABLE 1
Ionic currents induced by membrane depolarization to +50 mV in buffer-injected

and mRNA-injected cocytes

Injection Iax at +450 mV (puA)
Buffer 0.08 £ 0.01
mRNA from cortical neurens 0.60 £0.072
mRNA from cerebellar granule neurons 6.68 £ 0.71a

a p < 0.05 relative to control.

Oocytes were injected with buffer or mRNA from either cortical or cerebellar
granule neurons. After four days, two microelectrode voltage clamp was used to
depolarize the oocytes membrane to +50 mV from a holding potential of -100 mV.

Values are means + SEM from 5-7 independent experiments.
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DISCUSION GENERAL

Puesto que en los articulos que conforman esta tesis se discuten ampliamente
los resultados obtenidos, el objetivo de esta discusidén general es tratar de integrar
brevemente todos los hallazgos y llegar a conclusiones puntuales.

En los trabajos inclufdos en esta tesis se traté de establecer las alteraciones que
produce el RR scbre las neuronas en cultivo. El primer fenémeno, que aparece pocas
horas después del tratamiento con RR, es la penetracién del colorante a los somas
neuronales. Luego ocurren alteraciones morfolégicas evidentes, como el
adelgazamiento y la desaparicién de las neuritas y la pérdida de la estructura
membranal normal, observadas con microscopia 6ptica y electrénica de barrido. Este
dafio se correlaciona con una pérdida importante de la capacidad de las células para
reducir el MTT por la cadena respiratoria, luego de 8-24 horas de incubacién. La
susceptibilidad neurconal al RR no depende del tipo de neuronas (corticales o
granulares de cerebelo se afectan de manera muy similar) o de la edad del cultivo
(articulos 2, 3 y 4).

En contraste con las observaciones inn vivo, 1a neurotoxicidad inducida por
RR en los cultivos primarios requirié un mayor tiempo para manifestarse
claramente: mientras que en la administracién intrahipocdmpica hay dafio evidente
a los pocos minutos después de la inyeccién del colorante, en los cultivos fue
necesario hacer incubaciones de varias horas poder observar dicho fenémeno. Esta
diferencia puede deberse a que las caracteristicas de las neuronas de adulto y las

fetales o postnatales en cultive no sean las mismas. Sin embargo, las alteraciones
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ultraestructurales causadas por el RR, observadas usando microscopia electrénica de
transmisién, son muy similares in vive y en los cultives corticales (ver Belmar et
al., 1995 y articulo 4): en ambos casos se observé dafio citoplasmatico y asociacién del
RR con el nicleo de las neuronas dafadas. Otra similitud entre las observaciones in
vivo e in vitro la consituye la penetracién del RR a los somas neuronales (Tapia y
Flores-Hernandez, 1990; Garcia-Ugalde y Tapia, 1991; Belmar et al., 1995; articulo 2).
La internalizacién del RR a las neuronas en cultivo parece ser un paso
determinante en la neurotoxicidad por RR, debido a que en los cultivos de glia no se
observé penetracién del colorante ni dafio celular (articulo 2). Sin embargo, la
internalizacién del colorante no induce por sf misma dafio celular, puesto que
ovocitos control de Xenopus laevis a los que se les inyect6 RR no mostraron signo
de deterioro alguno. En contraste, cuando los ovocitos expresaban mRNA neurcnal,
mostraron una mayor susceptibilidad a la accidn téxica del RR (articulo 5).
Desafortunadamente, no pudimos identificar el mecanismo mediante el cual
el RR se introduce a las neuronas. Aunque una posibilidad obvia es la endocitosis,
las observaciones ultraestructurales nunca mostraron imdgenes sugerentes de este
mecanismo (articulo 4). En los primeros trabajos con RR, realizado en amibas
(Szubinska y Luft, 1971), se encontr6 que el RR ocasiona la muerte celular en 2-30
minutos, con concentraciones de 0.6 a 1.2 mM. Los cambios que se presentaron luego
de la exposicién al colorante fueron: retraccién de pseudopédos, mayor fragilidad al
contacto y después de 15-20 minutos, movimiento browniano en el citoplasma. El

RR no pudo ser despegado de la membrana plamética mediante lavados y aunque
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ésta no sufrié cambios notables, el colorante fue capaz de penetrarla, puesto que se
encontré RR dentro de las células; la presencia de estos grénulos de colorante fue
atribuida a pinocitosis.

En el caso de las neuronas en cultivo, se ha observado que hay exocitosis en la
liberaci6n de neurotransmisor y endocitosis de vesiculas por la célula presindptica
(Ryan y cols., 1993), por lo que es posible que el RR se introduzca a las células por
este mecanismo. Sin embargo, esta posibilidad no se ve apoyada puesto que una
exposicién corta de neuronas cultivadas a RR 20 pM no causd alteraciones en la
presinapsis {Trudeau y cols., 1996) y nosotros nunca observamos tincién evidente en
las neuritas.

Una diferencia importante entre las neuronas y los astrocitos en cultivo es el
hecho de que las primeras tienen una mucha mayor cantidad de canales i6nicos
(Dichter, 1978; Choi y cols., 1987) que las células gliales (Sontheimer, 1994), lo que
abre la posibilidad de que el RR se internalice a las neuronas al pasar por un canal
catiénico no identificado. Por otra parte, las membranas de las neuronas cultivadas
contienen méis gangliésidos (Ogiso y cols., 1992; Thangnipon y Balazs, 1992) y
presentan una mayor proporcién de gangliésidos con varios residuos de 4cido
sidlico (Dreyfus y cols., 1980; Thangnipon y Baladzs, 1992), comparadas con la
membranas de los astrocitos en cultivo. Sin embargo, sabemos que la eliminacién de
los residuos de &acido sidlico de sialoproteinas y polisialogangliésidos en la
membrana plasmatica con neuraminidasa no tiene efecto sobre la penetracién del

colorante a las células o el dafio inducido por RR (articulo 3).
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Otra posibilidad interesante para explicar la entrada del RR a las neuronas es
que la composici6n de fosfolipidos de la membrana neuronal sea la responsable de
la entrada selectiva del RR, puesto que se ha demostrado que el colorante puede ser
adsorbido por iiposomas que contienen fosfatidilcolina y alguno de los siguientes
fosfolipidos con carga negativa: fosfatidilserina, fosfatidilglicerol o fosfatidilinositol
(Voelker y Smejtek, 1996). En este trabajo también se encontré que la valencia
efectiva del RR (que tedricamente es 6+), depende de la densidad de carga de los
liposomas, y se encontraba entre 3+ y 5+, lo que podria hacer més fécil la entrada del
colorante. No obstante que no es ficil imaginarse que una molécula tan grande y
cargada pueda pasar la membrana celular, hay trabajos en los que al adicionar RR al
medio se observan efectos sobre la mitocondria a tiempos cortos (minutes), lo cuat
sugiere que el colorante se introdujo a las neuronas (Duchen, 1992; Peng y cols,,
1998).

En diversas preparaciones del SN el RR inhibe, a concentraciones
micromolares, la liberacién de neurotransmisores dependiente de Ca2+ {(ver articulo
1). La participacién del bloqueo por RR de ios VSCC en la neurodegeneracién de las
células cultivadas parece ser minima. Primero, el bloqueo de dichos canales por el
RR tiene un efecto protector contra las elevaciones de [Ca2+]; (Duchen, 1992) y sobre
la neurotoxicidad, como se ha descrito en el caso de la excitotoxicidad per Glu o sus
analogos en cultivo {Dessi y cols., 1995; Eimerl y Schramm, 1995). Segundo, al tratar
de desplazar al RR, con La3+, de los sitios a los que se une en la presinapsis, como se

ha observado en sinaptosomas (Tapia y cols., 1985), no encontramos una



disminucién sinc una ligera potenciacién de la toxicidad (articulo 4), a pesar de que
era de esperarse un desplazamiento de aproximadamente 40% de la unién de RR 20
M en presencia de La3+ 100 pM en los sitios que comparten en la terminal
sindptica. Es interesante mencionar que al incubar a los cultivos corticales con La3+
200 pM durante 24 horas, se observé muerte celular importante (=50%), lo que
sugiere, junto con la potencacién de la toxicidad por RR, gue el bloqueo de los
VSCC nisde nrodurir muerte neuranal. o aue el T.a3+ estd actuando en sitios no
identificados que conducen a la neurodegeneracién. En tercer lugar, al prevenir la
captura/unién del RR en los cultivos con el trisialogangliésido GT1b, la muerte
neuronal fue evitada parcialmente, lo que no se observé con el
monosialogangliésido GM1.

Por otro lado, Baux y cols. (1979} encontraron que el efecto inhibitorio del RR
sobre la liberacién de transmisores al inyectar colorante dentro de neuronas
ganglionares de Aplysia californica, podia ser revertido al tratar a las células con
neuraminicdasa intracelular. Su conclusién fue que el RR, al unirse a los sitios que
contienen 4cido sidlico y que unen Ca?+ en el interior de la neurona, impide la
exocitosis del neurotransmisor. Ademés, Wierasko (1986) encontré que al
superfundir rebanadas de hipocampo con RR, se impedia la transmisién sinaptica,
lo que podia retrasarse con la adicién de una mezcla de gangliésidos {con 2 6 5 veces
més concentracién de gangliésidos que de RR), 4cido sidlico {(con 14 veces mis sidlico
que colorante) o con el tratamiento de las rebanadas con neuraminidasa. Tomando

en cuenta estas diferencias, y apoyado en otras observaciones antes descritas, se
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puede concluir que la capacidad del RR para bloquear la salida de neurotransmisores
no esti relacionada de manera importante con la induccién de la muerte neuronal.

El RR {10 pM) en el medio puede disminuir la inactivacién del canal de Na+
presente en neuronas de caracol, ademés de bloquear los VSCC como en muchas
otras preparaciones (Stimers y Byerly, 1982). Estos autores encentraron que el
colorante disminufa la resistencia membranal y las corrientes salientes dependientes
de voltaie. Recientemente se ha descrito que el RR puede disminuir la corriente de
K+ activada por Ca2+ (IC50=4.2 pM} en musculo liso, probablemente al unirse al sitio
de unién de Ca2+ del canal y disminuir de ese modo la probabilidad de apertura
(Hirano y cols., 1998). La contribucién de estos efectos del RR a la neurodegeneracién
observada en cultivos de rata se desconoce. No obstante, todas estas acciones del
colorante podrian llevar a una pérdida de los equilibrios i6nicos que se requieren
para que una célula se mantenga viva. Es evidente que el dilucidar las acciones del
RR sobre los canales idnicos de las neuronas cultivadas solo se podria hacer
mediante el registro electrofisiol6gico de las células, lo que no se pudo realizar en
este trabajo.

Se ha propuesto que el RR podria actuar como una excitotoxina, puesto que
luego de su inyeccién en el parénquima cerebral induce muerte neuronal y
alteraciones conductuales asociadas con hiperexcitacién (ver articulo 1). Adema4s,
recientemente se ha publicade que el RR puede inducir la liberacién sindptica de
Glu independiente de Ca2+ en neuronas hipocampales en cultivo (Trudeau y cols.,

1996). Decidimos probar entonces si antagonistas de los receptores ionotropicos a Glu
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podian proteger a las neuronas corticales de la toxicidad por RR, y encontramos que
la excitacién debida a ese grupo de receptores no participa en la neurodegeneracién
por RR {(articulo 4).

IV. i. Posibilidades para explicar el daiio neuronal por RR

Los mecanismos de la neurotoxicidad del RR se esquematizan en la figura 3.
A lo largo de los trabajos presentados, se apoya la hipétesis de que el RR debe entrar
a las neuronas para producir dafio celular. Varias son las posibilidades mediante las
que el RR podria entrar a las neuronas:

* Endocitosis {1}.

*+ Un canal cati6nico (2}

+ Difusién pasiva favorecida por el gradiente de concentraci6n (3).

* Un transportador dependiente o independiente de energia (4}.

e Adsorcién a la membrana al interaccionar con las cargas negativas de la superficie
neuronal (por ejemplo gangliésidos, 5).

De todas estas opciones, me parece que la méas viable puede ser una difusién
facilitada por el gradiente de concentracion luego de que el RR ha interaccionadoe
con componentes membranales con carga negativa. Cualquiera que sea el
mecanismo de internalizacién, éste no esté presente en las células gliales.

Entre las acciones dentro de la célula que podria ejercer el RR y que
contribuirfan a la muerte, se incluyen:

« El impedimento de una eficaz disminucién de la [Ca?+]; luego de un aumento en la

concentracion intracelular de este catién (6; Thayer y Miller, 1990; Marrion y Adams,
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1992). A pesar de que en nuestro sistema la muerte neuronal no se evit6 al usar
compuestos que impiden la elevacién de [Ca2+];, encontramos que, luego del
tratamiento con RR, las neuronas tenfan una [Ca2+]; basal mas alta que los controles
(articulo 4). Adn més, la despolarizacién de las células tratadas con RR ocasiond una
elevacién exacerbada de {Ca?+];, no obstante que el medio contenia RR. Dos
posibilidades pueden explicar este resultado: 1) el colorante, una vez dentro de la
neurona, esta interfiriende con la homeostasis del Ca2+, como se ha descrito (Thayer
y Miller, 1990; Marrion y Adams, 1992); 2) el RR estd promoviendo una mayor
entrada de Ca2+ a las células (lo que estarfa en contraposicién con lo reportado en la
literatura). Asi, al parecer el RR se introduce a las células y es capaz de impedir un
correcto amortiguamiento de la [Ca2+];, aunque la elevacién de los niveles basales de
Ca2+ en las neuronas tratadas con RR podria ser reflejo de otras alteraciones. A este
respecto, se ha demostrado que el RR es capaz de interferir con la funcién de las
ATPasas de SR (Madeira y Antunes-Madeira, 1974), de la mitocondria (Vasington y
cols., 1972) y de la membrana plasmdtica (Missiaen y cols., 1990). La accién del RR
sobre estas proteinas podria tener como consecuencia la elevacién de la [Ca2+];.

+ La desestabilizacién de las proteinas que conforman el citoesqueleto,
especialmente la tubulina (7). Se ha demostrado que el RR puede impedir la
formaci6n de microtibulos de esta proteina y promover su despolimerizacién,
ademas de interferir con la funcién de transporte que tiene el citoesqueleto (Deinum

y cols., 1981). En nuestros cultivos, observamos una pérdida muy importante de la

inmunoreactividad para o«-tubulina (artfculo 2). Sin embargo, no pudimos establecer
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si este efecto es causa ¢ consecuencia de la muerte neuronal. Ademas, las neuritas
no se dafian tanto con RR como los somas (articulo 4), lo cual no apoya un efecto
generalizado del colorante sobre componentes del citoesqueleto.
* La produccién de radicales libres (8). El RR en presencia de mitocondrias
funcionales es capaz de producir ROS (Meinicke y cols., 1996), las cuales se han
involucrado en dafio a los componentes celulares, que finalmente conducen a la
muorta ralnlar Rynerimentos oreliminares en este sentido indican que el RR no
induce la produccién de radicales libres en las neuronas cultivadas.
* El interferir con la funcién mitocondrial normal (9). En esta tesis se mostr6 que el
RR puede disminuir el funcionamiento de la cadena de transporte de electrones de
la mitocondria (articulo 4), lo cual es consistente con su capacidad de inhibir la
respiracién en mitocondrias hepéaticas (Vasington y cols., 1972).

De las posibles accicnes intracelulares del RR, las que me parecen maés
probables son la afeccion de la homeostasis de Ca2+, la inhibicién de la funcién
mitocondrial y la inhibicién de alguna protefna vital neurona-especifica no

identificada (10).
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Figura 3. Mecanismos de la neurotoxicidad por RR en neuronas cultivadas. Los
ndmeros indican los sitios probables de accién del RR para provocar la
neurodegeneracién. En el texto se discute la posible participacién de cada uno
y se establecen las hipétesis mas viables. Con * se sefala el blogqueo de los
VSCC por RR, ¢l cual no participa en la neurotoxicidad, Las abreviaturas se
definen en la pégina iii.



IV, ii. Conclusiones

El RR causa muerte neuronal en cultivos primarios. Otros tipos celulares
como astrocitos en cultivo u ovocitos no son susceptibles a la accién téxica del
colorante.

La penetracion de! colorante a las neuronas (observada después de pocas
horas) parece ser un paso determinante para la induccién de la muerte. Neuronas
que no internalizan al KR nw 5on 2foctadas por este compuesto.

El trisialoganglidsido GT1b disminuye el dafio neurcnal ocasionado por RR al
impedir la interaccién del colorante con la membrana.

Las alteraciones ultraestructurales més evidentes ocasionadas por el RR sobre
las neuronas cultivadas luego de 8-24 horas son la desaparicidn de las neuritas, dafio
en los somas y asociacién del colorante con el nicleo.

El RR induce pérdida de la funcién mitocondrial tanto en neuronas como en
mitocondrias aisladas.

El RR provoca la pérdida de la homeostasis de Ca2+ intracelular en las
neuronas cultivadas luego de pocas horas.

El bloqueo de los canales de Ca2+ por el RR no es la principal causa de la
neurotoxicidad.

El RR induce muerte necr6tica en las neuronas cultivadas.

El uso experimental del RR para estudiar la muerte neuronal es interesante
puestc que es una toxina selectiva que permite estudiar los mecanismos

involucrados en la neurodegeneracién.
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